The roles of exotic and native tree species in preventing desertification and enhancing degraded land restoration in the north east of Libya. Reciprocal effects of environmental factors and plantation forestry on each other, assessed by observations on growth and reproductive success of relevant tree species, and environmental factors analysed using multivariate statistics. by Zatout, Masoud Moustafa Mohamed
 University of Bradford eThesis 
This thesis is hosted in Bradford Scholars – The University of Bradford Open Access 
repository. Visit the repository for full metadata or to contact the repository team 
  





THE ROLES OF EXOTIC AND NATIVE TREE SPECIES IN 
PREVENTING DESERTIFICATION AND ENHANCING 




Reciprocal effects of environmental factors and plantation forestry on each other, 
assessed by observations on growth and reproductive success of relevant tree species, 
and environmental factors analysed using multivariate statistics 
 
 
MASOUD MOUSTAFA MOHAMED ZATOUT 
 
Thesis submitted for the degree of  






UNIVERSITY OF BRADFORD 
 














“MOHAMED IS THE MESSENGER 
OF ALLAH” 
 
“MY FATHER AND MOTHER” 
 
“MY WIFE, FOR THE LOVE, PATIENCE, 
UNDERSTANDING AND GENEROUS 
SUPPORT GIVEN TO ME” 
 
“MY SON MARWAN, MY DAUGHTERS TASNEEM AND 
MAAB, MY BROTHERS, SISTERS, AND MY FRIENDS FOR 
THEIR ENCOURAGEMENT, UNDERSTANDING, AND 









Today's arid and semi-arid zones of the Mediterranean are affected by desertification, resulting 
from various factors, including climatic variations and human activities such as overcultivation, 
overgrazing and deforestation. Afforestation programs are one of the most effective means in 
preventing desertification. For many years Libya has had afforestation programs in order to 
restore degraded land and in response to rapid desert encroachment in the north east of Libya, 
in the area called the Jabal Akhdar (Green Mountain), which has been investigated in this 
study.  
 
The purpose of this research was to investigate the relative roles of exotic compared to native 
tree species in preventing desertification and enhancing degraded land restoration in the Jabal 
Akhdar. The effect of environmental factors on exotic compared to native tree species have 
been assessed by observations on growth and reproductive success of the species, including 
variables of stocking rate, trunk diameter, tree height, crown diameter, tree coverage, natural 
mortality, felling and seedling regeneration, as well as calculated variables, derived from these 
measurements. The effects of methods and age of afforestation on the promotion of biological 
diversity have been investigated using the Shannon-Wiener diversity index. The effects of tree 
species on soil depth have also been investigated. Multivariate statistical analyses of site, 
species and environmental data, using both cluster analyses and factor analyses have been 
performed, with the aim of determining what is influencing the species, crops or differentiating 
between the sites, based on soil depth, angle of slope, altitude, rainfall and air temperature 
values.  
 
Pinus halepensis showed success in its growth and regeneration, particularly at higher altitudes 
and steeper slopes. Cupressus sempervirens was successful in growth and regeneration in the 
mountains. The exotic Eucalyptus gomphocephala was very successful in its growth, but did 
not regenerate well, while the exotic Acacia cyanophylla trees had a failure of both growth and 
regeneration. E. gomphocephala species appeared to favour relativley the flatter (non-
mountain) sites, while A. Cyanophylla appeared to favour relativly the mountain sites. All the 
species responded positively to greater rainfall and deep soil, but they differed in where they 
were most likely to be successful. Environmental factors such as climate, terrain and soil are 
the main determinants of species distribution in the study area, in addition to their impact on the 
growth of the main trees. There appeared not to be any relationship between biodiversity and 
whether the main trees were native or exotic, and only P. halepensis showed any negative 
effect on the abundance of shrubs. There was greater diversity of trees and shrubs generally at 
the younger sites than the old sites. The present study emphasises the current mismanagement 
of planted forests, particularly with overgrazing contributing to desertification, through 
preventing tree growth and eliminating most sapling regeneration. This study concludes by 
making recommendations for more effective choice of tree species to plant, and for subsequent 
management to improve afforestation programmes in the Jabal Akhdar area. 
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1. CHAPTER 1: Research context, aims and objectives 
 
1.1 Introduction 
Awareness of the desertification problem has increased in recent years, accompanied by 
recognition of human responsibility for continued environmental degradation (Bugi, 
1991). The degradation of land may result from climatic variability, and also negative 
human activities such as overcultivation, overgrazing, deforestation and wild land fire 
amongst others (Le Houérou, 1977; FAO, 2007). Desertification affects about two-
thirds of the countries of the world; it also affects more than one-third of the earth‟s 
land area (more than four billion ha) and more than one billion people (FAO, 2007). 
The United Nations Environment Programme has estimated that each year some twenty-
one million ha are reduced to a state of near or complete uselessness (UNEP, 1984). 
 
Desertification and land degradation is a very old process in Northern Africa, due to 
erosion following the removal of the natural vegetation and to overgrazing (Floret et al., 
1993). In the Southern Mediterranean the restoration of degraded land has received 
much attention in the popular and technical media (Aronson et al., 1993). Countries in 
this region have realized the serious consequences of desertification and the impact of 
this phenomenon on aspects of the social, political, economic and environmental 
situation. Restoring degraded lands by extensive afforestation, reforestation and 
reintroducing woody species, whether exotic or native, has become an increasingly 
important objective to protect soils throughout the world (Lamb and Gilmour, 2003), 
and to prevent dune encroachment, and therefore protect land, villages and towns, roads, 
crops, oases, irrigation channels and dams or other infrastructure against moving sands 
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(Berte, 2010). It can be stated that the results obtained have been very variable, 
depending on the quality of the methods applied, on the scale of the afforestation plans, 
and on their adaptation to the local conditions (Malagnoux, 2007). 
 
1.2 The concept of desertification  
The most commonly accepted definition of desertification hitherto is that given by 
UNCED (1992, 154): “land degradation in the arid, semi-arid and sub-humid areas 
resulting from various factors, including climatic variations and human activities”. It 
occurs because ecosystems in dry areas, (c. one third of the world's land area) are 
extremely vulnerable to over-exploitation and inappropriate land use (FAO, 2006). 
Periods of increasing aridity, when combined with intensive land use, lead to an 
accelerating pace of degradation (Glantz, 1977). Land degradation is a term used when 
land resources such as vegetation, soil or climate, have changed for the worse 
(Malagnoux et al., 2007). Thus, desertification in an area will proceed if specific 
thresholds are exceeded, beyond which any further change is effectively irreversible 
(Kosmas et al., 1999). Also, the effect of a land-degrading process will vary depending 
on the inherent characteristics of the area, in particular the soil and vegetation cover 
(Poesen et al., 1998).  
 
1.3 Climate and desertification in Libya 
Libya is located in North Africa. To the north of it lies the Mediterranean Sea (see 
Figure 1.1a), it has a total area of about 1.76 million km
2
, and most of its area is 
considered arid (more than 90 % is desert) (Al-Idrissi et al., 1996), except in a small 
region (less than 0.7 %) in the north east of Libya which is called the Jabal Akhdar 
(Green Mountain) (Azzawam, 1984). Al-Idrissi et al. (1996) note that there are four 
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types of areas in Libya: firstly, there are the coastal plains, which lie near to the 
Mediterranean sea, of varying width; secondly, there are the northern mountains, that 
run close to and roughly parallel to the coastal plains - there are two such mountain 
areas, the Jabal Nafusah in the west and the Jabal Akhdar in the east; thirdly there are 
the internal depressions, which include the centre of Libya and several oases; finally, 
there are the western and southern mountains. 
 
According to Nwer (2005), the climate of Libya is influenced by the Mediterranean Sea 
to the north and the Sahara desert to the south. This gives rise to three broad climatic 
divisions, which can be described as follows: 
 An area of dry summers and fairly wet winters in the coastal strip.  
 The eastern and western highlands, which experience a climate with higher rainfall and 
relatively low winter air temperatures, which can include snow on the hills. 
 Most of the south of Libya, which consists of pre‐desert and desert conditions with high 
air temperatures and where the day/night differences are large. Precipitation is rare and 












Figure 1.1 Maps of Libya showing: (a) Location of Libya in North Africa, and study 
area in the north east of Libya which is called the Jabal Akhdar (Green Mountain). 
(Source: Google, 2011); (b) Distribution of annual rainfall in northern Libya (Adapted 
from Elfadli, 2009, 9); (c) Cumulative precipitation between 2002-2003, and stations 
(Adapted from USDA, 2011). Note that almost all rain falls along the coastline. (See 











Annual precipitation in the country as a whole is very low, with about 93 % of the land 
surface receiving less than 100 mm yr
-1
, and the average annual precipitation for the 
country as a whole is about 26 mm yr
-1
 (Water for Agriculture and Energy in Africa, 
2008). In the north of Libya rainfall averages range from about 200-500 mm, and a 
maximum was recorded in the Jabal Akhdar area where there was about 850 mm, while 
in the Jabal Nafusah area the value is about 750 mm (Elfadli, 2009) (Figure 1.1b). 
Precipitation occurs during the winter months (between October to March) (Messines, 
1952; Nwer, 2005).  
 
In the north west part of Libya the prevailing winds are north easterly, whereas they are 
north westerly in the rest of the country. Normally, prevailing winds in the spring and 
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autumn coming from the south, known locally as “Ghibli”, blow over the plain, 
transporting sand and raising the air temperature to an average of 50 °C, and to 
approximately a maximum of 58 °C which was reached at El Azizia in the west of 
Libya; they fill the air with sand and dust, particularly in the parts of the area near to the 
desert (Messines, 1952; Nwer, 2005). 
 
Libya is ranked 124
th
 out of 142 countries on an Environmental Sustainability Index, 
which places the country well down the list signifying a country with serious 
environmental degradation (Environmental Sustainability Index, 2002). Desertification 
in Libya is due to wind and water erosion, land degradation is due to increases in 
salinity and poor land-use (Anon, 1974), sand dune encroachment and reduction in the 
plant cover (Eldoumi et al., 2002).  
 
In the north east of Libya, where the environment is vulnerable, the intensity and non-
regularity of precipitation can produce runoff, and thus soil erosion (Nwer, 2005). It is 
possible that the removal of natural vegetation from the land surface is a major factor 
that accelerates runoff, thus soil erosion (Xiao-Yan et al., 2011). Moreover, these 
factors, in addition to the topography, have increased the soil erosion by water in the 
north east of Libya (Nwer, 2005). Based on work published in 1980 by 
Selkhozpromexport, Nwer (2005) notes that the Jabal Akhdar is subject to severe 
erosion, the most affected area represents 70.7 % of the north east, erosion by water is 
occurring mainly within the upland, while wind erosion is found in the littoral plain; 




1.4 The importance of the Jabal Akhdar 
The Jabal Akhdar region is located between latitude 32° and 33° North and 20° to 23° 
East; it is about 360 km long and 60 km in width on the Mediterranean coast 
(Azzawam, 1984). This region is very important, due to it having distinct environmental 
characteristics associated with being the only evergreen forest of its kind in the region 
along the Mediterranean from the Atlas Mountains to the Levant. Also it has an 
environment similar to other regions in Southern Europe such as Italy, the Greek islands 
and Turkey (Azzawam, 1984) (Figure 1.2).  
 
As listed in Al-Idrissi et al. (1996), but based on the work of Qaisar and El Gadi, from 
1984, the flora of Libya contains 1,750 vascular species consisting of 744 genera and 
118 families. The number of species of the main families found in the county is shown 
in Table 1.1. Four families each have more than 100 species present in the country, and 
a further four families have between 50 and 100 species each. The rest of the families 
include fewer than 50 species each (Table 1.1). Endemism is fairly low in Libya; 75 
taxa are endemic, about 4 % of the total. However, although the Jabal Akhdar area 
represents less than 1 % of the total area of Libya, the Jabal Akhdar contains about 50 % 
(59 species) of the total endemic species in Libya, which may be due to its unique 
physiographic and climatic conditions that isolate the region from the rest of the 
country. These conditions have provided an excellent ecological niche and contributed 
to the survival of many endemic species (Al-Idrissi et al., 1996). It is worth mentioning 





The following forest types can be distinguished according to Al-Idrissi et al. (1996, 9-
10); 
 “Humid forest types: confined to areas receiving more than 600 mm and occupy an area 
of about 200 km
2
. The important species of this natural forest are Quercus calliprinos, 
Laurus nobilis, Arbutus pavarii, Olea europaea, Ceratonia siliqua, Quercus coccifera 
and Cupressus sempervirens. 
 Sub-humid forest type: confined to areas receiving between 400 to 600 mm of rainfall. 
The main species are Juniperus phoenicia, Pinus halepensis, Olea europaea and 
Arbutus pavarii. 
 Semi-arid forest types: confined to areas receiving 300 to 400 mm of rainfall. The 
important species of this forest are Sarcopoterium spinosium, Pinus halepensis, 
Juniperus phoenicia, Pistacia lentiscus, Rhus tripartitum and Periploca laevigata. 
 South Jabal Akhdar forest types: found in the zone located north of Benghazi plain and 
in the hills south of Jabal Akhdar. This area receiving 200 to 300 mm of rainfall. The 














Table 1.1 The number of species of the main families found in Libya (Al-Idrissi et al., 
1996).  



















Figure 1.2 Distribution of vegetation types in the Jabal Akhdar (Adapted from Eldoumi 
et al., 2002, 122)  
 
 
In addition, these forests are important to the economy of the area, although their 
current capacity for the production of industrial wood is still very low (Eldoumi et al., 
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2002). However their impact on climate, soil and water resources, even in the absence 
of scientific studies on these effects, is clear when comparing this region with other 
regions in Libya. Also, these forests are a significant source of charcoal and firewood 
and provide protection and pasture for grazing animals (Eldoumi et al., 2002). For 
example wood energy and charcoal are the main sources of energy in Tanzania, 
particularly for cooking, as well as in Libya (Eldoumi et al., 2002; Kilahama, 2008). 
This causes more pressure on woodlands due to the increased demand for charcoal and 
firewood, which in turn leads to more environmental degradation and desertification 
(Kilahama, 2008). Forests are useful in many ways, for instance in reducing carbon 
dioxide in the atmosphere and releasing oxygen; releasing mineral elements, preventing 
erosion by reducing the impact of rainfall on the surface of soil by intercepting rainfall, 
providing shade, windbreaks, landscape aesthetics and harboring a diversity of wildlife 
(Willis et al., 2003).  
 
Out of the diverse flora of the Jabal Akhdar ecosystem, the species that are used 
economically and therapeutically from the forest in the Jabal Akhdar cover about 
500,000 ha, of which about one-third has been converted to growing crops; in view of 
this, the actual area of Jabal Akhdar forests which is used productively is about 320,000 
ha (Al-Idrissi et al., 1996) (Figure 1.3). These natural forests become threatened by 
degradation as a result of various reasons, thus leading to a serious disruption in the 






Figure 1.3 Removal of natural vegetation by the local population: (a) In the Ras Helal 
region, the area being prepared for planting crops of barley and wheat instead; (b) For 




1.4.1 Vegetation degradation in the Jabal Akhdar 
Land degradation processes imply a reduction of the quantity and diversity of natural 
vegetation, particularly in Mediterranean arid and semi arid regions (Sommer, 2003). 
Vegetation cover helps in prevention of soil erosion processes by wind or water 
(Costanza et al., 1997), and also fixation of mobile sand dunes (Schreiber et al., 2008). 
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Major indicators of desertification involving existing natural vegetation are related to 
the erosion protection offered to the soil and drought resistance by the vegetation cover 
(Kosmas et al. 1999; DESERTLINKS, 2001).  
 
Risks of land degradation and soil erosion increase, particularly in dryland, due to loss 
of vegetation cover (Schreiber et al., 2008). Generally, degradation processes begin 
with the degeneration of vegetation communities, and the degree of soil degradation 
affects the vegetation cover, and in addition is considered a reflection of the state of this 
vegetation (Denti, 2004). Major natural reasons affecting this degradation processes 
often are climate and aridity, which lead to reduction in the plant cover; and soil depth. 
Besides these, the human-induced reasons leading to this process are fires, felling and 
overgrazing (Kosmas et al., 1999; DESERTLINKS, 2001). In arid areas of Libya, 
natural vegetation has been degraded as a result of a long history of desertification, due 
to many factors such as drought, overgrazing and over-cutting (Brooks, 2006; Mercuri, 
2008). 
 
Indicators of deterioration in Jabal Akhdar include the loss of natural vegetation cover 
over time, such as that which has occurred in the Jabal Akhdar at various time periods, 
also low rates of plant growth or difficulty in regeneration, the spread of some invasive 
plant species, as well as active movement of sand dunes northwards (Eldoumi et al., 
2002). For example, indicators of desertification were visible (in 2008) in all directions 
from the road between Marj and Lamlwda, where the hillsides are fairly bare of any 
important vegetation cover; these manifestations continue until the outskirts of Faideea 
region, then the Marawah, also between the Takns and the Madwar Ziton regions 
(Figure 1.4), except for limited areas of Pinus halepensis trees under afforestation 
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programs. Land located south of the Slanta and Jards was barren, as well as the 
surrounding hills and plains, although the rate of annual rainfall received in those areas 
is adequate to support the cover of vegetation. 
 
Figure 1.4 The manifestations of desertification in the area between the Takns and the 
Madwar Ziton, located south of the Jabal Akhdar (Photo by the author, May 2008) 
 
 
There was deterioration even within the planted forests as well, where signs of 
deterioration were clear, represented in distortion of branches and uprooting of Pinus 
halepensis trees due to the winds at the Hemre forest, which was established in the early 
1960s amid the expanses of barren land surrounded particularly by the east and southern 






Figure 1.5 Manifestations of deterioration of the Pinus halepensis trees in the Hemre 
forest showing (a) Distortion and (b) Uprooting of trees due to the winds. (Photos by the 
author, September 2008). Plus (c) Landscape of the Hemre forest, which can be seen as 









Figure 1.6 Manifestations of the deterioration in the Jabal Akhdar area: (a) The 
devastating effects of fire which affected the hills overlooking the Ras Helal in 2002; 








As listed in Al-Idrissi et al. (1996), but based on the work of Faraj et al. from 1993, this 
degradation can be observed through the change of area (in ha) covered by the four 
main tree species, with their percentage decrease in Jabal Akhdar from 1959-1979 being 
as follows: 
 Cupressus sempervirens changed from 8000 ha in 1959 to 500 ha in 1979, the 
percentage decrease being 93.8 %. 
 Pinus halepensis declined from 7000 ha in 1959 to 5000 ha in 1979, the percentage 
decrease being 28.6 %. 
 The area covered by Juniperus phoenicea fell from 20000 ha in 1959 to 15000 ha in 
1979, with a percentage decrease of 25.0 %. 
 Similarly, Quercus coccifera declined from 12000 ha in 1959 to 1000 ha in 1979, a 
percentage decrease of 91.7 %. 
 
1.4.2 Soil degradation 
Based on work by FAO/UNEP, Gad et al. (1996, 446) defined soil degradation as: “a 
process which lowers the current and/or the potential capability of soil to produce 
(quantitatively and/or qualitatively) goods or services”. In brief, the soil becomes 
exposed to water action after a disturbance of the vegetation cover (DESERTLINKS, 
2001). Major factors that favour soil erosion include the elimination of vegetative cover, 
destruction of natural soil structure, increased compaction, and increased angle of slope 
and interception of surface flow (Grace, 2002). Moreover, vegetation in arid and semi 
arid areas has a strong ability to modify topsoil surface properties even though it may 




In ecosystems, the soil is a particularly important component in its effect on biomass 
production; when the rootable soil depth is not capable to sustain a certain minimum 
vegetation cover, then the land becomes irreversibly desertified (Kosmas et al., 1999; 
Yassoglou and Kosmas, 2000). Soil erosion by wind or water causes loss of the topsoil 
and therefore a reduction in soil depth. In such cases if the depth available to a plant is 
insufficient to allow that plant to put down sufficient roots, and thus obtain water and 
the nutrients, the plant will exhibit less growth (DESERTLINKS, 2001; Denti, 2004). 
 
Figure 1.7 Soil degradation in the Ras Helal area showing: (a) Soil characterized by a 
high proportion of gravel; (b) Exposure of the original rock; (c) soil depth of less than 





Broadly, erosion of soil is considered a major element of environmental degradation in 
North Africa (Zunni et al. 1996). Previous studies have shown that the soil of Jabal 
Akhdar is characterized by a high proportion of gravel (6.51 %) within and on the soil 
surface. More than 45 % of the total area is very rocky, and about 50 % of the total area 
is classified as of moderate soil depth, where the soil depth is less than 50 cm. This is 
due to soil erosion through water runoff, especially if the natural vegetation cover has 
been removed (Figure 1.7) (Eldoumi et al., 2002). The soil in most areas of Jabal 
Akhdar consists mostly of clay (34.42 %), sand (36.78 %) and silt (28.74 %), and the 
soil moisture content is very low (8 %), also the soil is low in organic matter (0.32-4 
%), and in salt (1 %), and the pH can vary from 7-9 (Nwer, 2005). 
 
1.4.3 Climatic conditions  
Erosion is especially likely to happen in the Mediterranean region, because of its 
seasonal droughts and non-regular intensity of rainfall, which when it falls on steep 
slopes result in considerable erosion (Montanarella, 2003) (Figure 1.8). 
 
The Jabal Akhdar has a Mediterranean climate with moderate air temperatures of 10 to 
30 °C. (Eldoumi et al., 2002). The mean air temperature in winter is lower than the 
summer, for example in the Shahat the annual mean air temperatures vary from 10.1 to 
22.8 °C (El-Tantawi, 2005). This part of Libya receives an annual rainfall of about 275-
650 mm (Eldoumi et al., 2002), but this increases from 55 mm yr
-1
 at the Makele to 600 
mm yr
-1 
at the Ras Helal, the Shahat and the Koof (Azzawam, 1984). It attracts 
considerably more precipitation than other coastal regions of Libya, and its maximum 
rainfall (85‐90 %) occurs from October to March (Nwer, 2005). The relative humidity, 
which averages about 60 % from April to September, may reach up to 90 % during 
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December and January, and winds are northerly in winter, while southerly and south 
easterly in other seasons; the wind velocity ranges from 8-12 km hr
-1
 to 45 km hr
-1
 
(Azzawam, 1984; Eldoumi et al., 2002).  
 
Bioclimate types provide the complementary climatic information that is required for 
understanding the distribution of vegetation types (Pascal, 1982). The vegetation relies 
almost entirely on the main climatic parameters i.e. rainfall and temperature (the 
relations of climate and living organisms) (UNESCO-FAO, 1963). In Libya, there are 
three bioclimatic zones (Eldoumi et al., 2002). Three types of bioclimates exist in the 
study area: an arid bioclimate in the littoral plain, a semi-arid bioclimate characterizing 
the lower terrace and a sub-humid bioclimate for the upper terrace. These differences in 
weather and terrain will impact on the types and characteristics of vegetation in these 
areas as well as the types of soil throughout the region (Eldoumi et al., 2002). 
 
Figure 1.8 Photograph showing the rain which fell in 2008 in the Kandwla area located 
south of the Jabal Akhdar, which led to widespread flooding and thus will lead to 






The slope inclination is considered one of the main factors promoting further soil 
erosion (Lamb and Gilmour, 2003), due to acceleration of runoff, often also generating 
landslides, whether by rocks or soil particles, which in turn may damage vegetation 
cover (Figure 1.9). The degree and length of the slope are both main features of 
topography with regard to soil erosion (Ali, 2000). Erosion is particularly likely in soils 
with reduced vegetation cover on hilly areas (Eaton et al., 2003). Such soils have low 
tolerance to erosion; with a hot and dry climate and severe soil erosion, plants cannot 
survive, which leads to desertification (Kosmas et al., 1999).  
 
Figure 1.9 Photograph of a landslide and mudflow in the Ras Helal area, damaging the 























Slope aspect is therefore an important factor in land degradation, as it affects the 
microclimate by influencing the amount of sunlight received. For example, in the 
Mediterranean region, land facing south and west is warmer and therefore it will have 
higher evaporation rates and lower water storage capacity than land facing north or east, 
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so vegetation is therefore expected to recover more slowly where there is a southern or 
western aspect, and higher erosion rates would be expected than would be the case with 
northern and eastern aspects (Kosmas et al., 1999). Therefore, southern facing slopes 
usually have less vegetation cover than do northern-facing slopes (Poesen et al., 1998). 
 
The Jabal Akhdar upland represents a plateau formed from tectonic lifting up of a 
primary plain of marine deposits, with the maximum altitude of the upland being 878 m 
in the Hemre region (Al-Sodany, 2003). The Jabal Akhdar area contains coastal hills, 
the coastal plain and an inland plateau and valleys (Azzawam, 1984; Zunni et al. 1996). 
The plateau has three terraces: the first is up to 400m above sea level in the Ras Al-
Helal region, the second up to 600m above sea level in the Shahat region and the third 
one up to 882m in the Hemre region. The depth of the valleys reaches 300m and the 
slopes may be strongly developed vertically and can often be very steep (Azzawam, 
1984; Eldoumi et al., 2002; Al-Sodany, 2003). These differences in weather and terrain 
will impact on the types and characteristics of vegetation in these areas as well as the 
soil types found in the region (Eldoumi et al., 2002). 
 
1.5 Combating desertification in Libya 
Desertification control is defined as “an activity involving the integrated development 
of land in arid, semi-arid and dry sub-humid zones in a sustainable method, aimed at 
preventing and/or reducing land degradation, repairing partially degraded land, and at 
restoring desertified lands” (Yafong, 1997, 308). On the other hand, the best way to 
restore land and vegetative cover is to protect them from the reasons for their 
degradation, such as harvesting, grazing and fires, but the protection process is often 
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very slow and it is not always an easy task as it must be continued for a long period of 
time (Malagnoux, 2007).  
  
Since the middle of the last century, efforts at combating desertification have been a 
major part of the strategy adopted by the plans and programs for sustainable 
development in Libya (National Committee to Combat Desertification, 1999). On that 
basis, such schemes and activities carried out, particularly in north of Libya also aimed 
to maintain and protect the environment and safeguard natural resources. This mostly 
consisted of afforestation and reforestation of about 250,000 ha, often for different 
purposes, besides implementation of soil conservation measures by establishing 
afforestation projects in the mountainous regions to combat soil erosion particularly by 
runoff. Also efforts were made to fix mobile sand dunes by using mechanical methods 
and oil derivatives, so that they could be converted into agricultural land (National 
Committee to Combat Desertification, 1999). As such, during the 1960s and 1970s 
Libya was a world pioneer with regard to sand dune stabilization (especially with spray 
techniques) and preventing desertification (El-Tantawi, 2005). In this context, the 
government of Libya planned to set up "green belts" along the southern route of the 
Jabal Akhdar, through the afforestation and reforestation of degraded areas and the 
areas threatened by desertification, particularly with Eucalyptus camaldulensis, E. 
gomphocephala, Acacia cyanophylla and Pinus halepensis, to be able to stop the desert 
creep towards the north (Anon, 1974). 
 
The development of laws and legislation will be needed to provide an appropriate 
framework to enable desertification to be combated and so that the objectives and 
requirements of sustainable development can be met. Such laws will be insufficient in 
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themselves, unless there is also adequate supervision of their implementation, 
monitoring and follow-up (National Committee to Combat Desertification, 1999). In 
this context, Libya has signed and ratified the 'African Convention on the Conservation 
of Nature and Natural Resources', the 'Convention on Biological Diversity' and the 
'Convention on the Protection of the World Cultural and Natural Heritage' (Al-Idrissi et 
al., 1996). 
 
1.6 Afforestation concept 
According to the definition of the FAO (2003a, 3), afforestation is the “Establishment of 
forest plantations on land that, until then, was not classified as forest. It implies a 
transformation from non-forest to forest”, while reforestation means “Establishment of 
forest plantations on temporarily unstocked lands that are considered as forest”. 
Plantation forests have been established for other purposes such as desertification 
control or slope protection, not just to produce industrial timber or firewood (Lamb and 
Gilmour, 2003). The definition proposed by FAO to the 1967 “World Symposium on 
man-made forests and their industrial importance”, based on land use changes due to 
plantation forestry, has been the basis of subsequent official estimates (Pandey, 1995). 
 
1.6.1 The environmental importance of afforestation 
Planted forests can act to regulate climate, provide protection from the impact of rain, 
reduce surface runoff and also mention biodiversity related processes by conservation of 
habitats (Dyck, 2003; Halldórsson et al., 2008). Afforestation causes fundamental 
changes in ecosystem structure which can affect biodiversity (Elmarsdottir et al., 2008). 
Plantations are often stated as invariably having negative effects on biodiversity, but 
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under some circumstances plantations can actually improve biodiversity (Chamshama 
and Nwonwu, 2004). 
 
1.6.2 Afforestation as a method of controlling desertification in North Africa 
In North Africa large-scale afforestation plans for enhancing degraded land restoration 
have a long history. For example, in 1967, FAO/WFP started a tree planting programme 
“Chantiers populaires de reboisement” in Algeria, and the fertile land so created was 
used for growing vegetables, citrus fruits, and cereal crops. Plans were then made to 
enable plants to be grown in the great desert (Malagnoux et al., 2007). In the early 
1970s Algeria initiated the "Green Dam", a planted belt stretching from the western to 
the eastern borders of the country (1,500 km long and 20 km wide) spread over an area 
of three million ha, on the edge of the desert, particularly using the species Pinus 
halepensis (Belaaz, 2003). After the national initiative of Algeria, which is still active, 
Arab Maghreb Union countries (Algeria, Morocco, Tunisia and Libya) started the 
regional programme “The Maghreb Union Arab Green Belt for the North of the Sahara” 
(Malagnoux et al., 2007). Despite the programme of the Green Belt of Arab Maghreb 
Union countries being more than twenty years old, it has not resulted in the 
establishment of a unified system for the exchange of information despite one of its 
major objectives being the coordination in the field to prevent desertification (Arab 
Maghreb Union General Secretariat, 1999).  
 
1.7 Afforestation programs   
The Food and Agriculture Organisation of the United Nations (FAO) estimated that in 
2000 the extent of the world‟s forest cover was approximately 3,900 million ha; about 
ninety five percent was in natural forest and five percent in forest plantations. With 
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regard to the percentage of plantation area in Africa in the year 2000, this was 
approximately 4.3 % of the global area of plantation, and Africa‟s total and annual 
plantation areas are the lowest of all the continents (FAO, 2001). Before the previously 
mentioned programme of large-scale afforestation was carried out in African countries, 
various trials, mainly of exotic species, were carried out between the 1800s and 1900s 
to determine which species would be successful and where the best stocks come from 
(Chamshama and Nwonwu, 2004). In Africa, Eucalyptus is the main widely planted 
species covering 22.4 % of all planted areas, followed by Pinus (20.5 %), Hevea (7.1 
%), Acacia (4.3 %), Tectona (2.6 %), other broadleaved species (11.2 %), other conifers 
(7.2 %) and unspecified (24.7 %) (The African Forest Forum, 2011). 
 
1.8 Afforestation programs in Libya 
Libyan government afforestation programs began in 1956 with the creation of the 
Forestry Department (Al-Idrissi et al., 1996). The use of Pinus halepensis and 
Eucalyptus spp. has been widespread for both afforestation and reafforestation in most 
countries of North Africa since the 1960s. Such work was carried out earlier in Libya by 
the Italian government from the 1920s (Le Houérou, 2000). The government of that 
period started several projects to combat desertification, to fix sand dunes and to 
establish parks and reserves (Al-Idrissi et al., 1996). Large numbers of trees have been 
planted in recent decades, including indigenous species such as Pinus spp. as well as 
Eucalyptus spp. and Acacia spp. (Mallon and Kingswood, 2001). Then in 1972 the 
Agency of Agrarian Reform was formed and turned its focus to re-afforestation, when 
about 209,904 ha were planted (Bugi, 1991). A massive afforestation program has been 
carried out (Al-Idrissi et al., 1996). Since 1975 about 25 desertification combat and 
afforestation programmes have been initiated in Libya, and the total land area which has 
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been fixed and afforested by forest trees, mainly using the non-indigenous species 
Eucalyptus spp. and Acacia ssp., reached about 95,000 ha (Gaddes, 1999). 
 
These projects are approaching various completion stages (Eldoumi et al., 2002). The 
most important sites of afforestation were the Hemre (1956), the Madwar Ziton- the 
Marawah -Kandwla (1972-1978), the Got Sultan (1973-1976), the Rajma (1973-1983) 
and the Qiqb (1975-1977) (Figure 1.10) (Eldoumi et al., 2002). Then in 2001-2002 the 
Development Project of Vegetation in the Jabal Akhdar was established, and the project 
aimed to plant about 22,000 ha in the first five years. In fact about 5,290,795 trees were 
planted during the period 2001 to 2009 over a widespread area of the Jabal Akhdar 

















Figure 1.10 Programs of afforestation and reforestation of degraded areas threatened by 








1.9 Research problem 
Desertification is one of the main factors that hinders social development in Libya, as 
well as increasing the economic problems facing this country; these problems also lead 
to further environmental degradation, especially where there are limited natural 
resources (Zunni, 1977). Thus, in recent years the natural forests have been exposed to 
vandalism and large areas have been lost in a short period of time, which has led to the 
problem of widespread desertification (Zunni, 1977; Eldoumi et al., 2002). Because of 
different intensified human activities in the form of trampling, up-rooting of plants, 
over-grazing, cutting and fire, the local authorities promoted a program for a proper 
utilization of the area, whether for range or agronomic purposes, based on a plan to 
utilize the natural environmental conditions and possibilities, including afforestation 
especially in the area at the edge of the forest canopy (Eldoumi et al., 2002). Therefore, 
the government has established several afforestation projects, including the project of 
the green belt along the southern route of the Jabal Akhdar described above, aiming to 
restore degraded lands, protect the soil from erosion and conserve biodiversity, as well 
as to halt and reverse desertification. Although millions of trees have been planted, 
whether domestic or exotic species, over the past decades, in some cases these have 
been a major failure, because they were exposed to destruction by fire and grazing, 
which led to degradation and reduction in large areas of them in a short period of time. 
These problems were due to the loss of control of protection as a result of administrative 
and social changes, and therefore desertification has been seen on a large scale 
(Eldoumi et al., 2002). However, sometimes planting schemes have been successful in 
other regions. Consequently, there is a pressing need for evaluation of these projects to 
determine the reasons for the success or failure, in addition to assessing the feasibility of 
continuing such programs in the future. Perhaps the first step in this direction is to 
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assess the quality of the afforestation sites. Accurate monitoring of site quality over 
time will enable guidelines and regulations to be developed so that forecasts of adverse 
growing conditions can be identified before costs of rehabilitation are prohibitive or 
irreversible consequences occur. 
 
According to Husch et al. (2003), site quality can be evaluated in two general ways by: 
 Measuring individual site factors that influence tree growth such as soil depth, slope and 
climate.  
 Measurement of characteristics of the trees or similar plants that are thought to reflect 
site quality.  
 
Various indicators can be used to assess the state of the plants in a certain area, such as 
those suggested by important international agencies such as the Food and Agriculture 
Organization (FAO), United Nations Environment Programme (UNEP), and the 
International Union for Conservation of Nature (IUCN). These indicators include 
measurements of growth rates, the vitality, density, vegetation coverage and the 
potential for regeneration, which have been estimated using the number of seedlings and 
the amount of mortality and felling (Eldoumi et al., 2002). Also one can assess the 
vegetation on the basis of what it offers to the conservation of soil against erosion and 
the inhibition of the manifestations of desertification and sand encroachment on 
agricultural land and populations in dry and semi-arid areas in particular (Eldoumi et 
al., 2002). 
 
Individual environmental factors should not be studied individually when studying tree 
growth, as the factors may interact and the influences of the other factors may not be 
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recognized (Husch et al., 2003).  It is important to understand how the growth of forest 
trees is influenced by environmental factors. This knowledge can be used to encourage 
the establishment and growth of desirable species, either by modifying the environment 
or by choosing more suitable sites. It is difficult to measure how trees are affected by 
their environment in the site where they grow because the environmental factors of the 
site and the plants themselves interact, making it difficult to assign cause-and-effect 
relationships. The types of environmental factors may be described as edaphic, climatic, 
topographic, and competitive (Husch et al., 2003). 
 
Afforestation can be an effective way to reclaim degraded land (Lamb and Gilmour, 
2003). As interest worldwide in forest plantations has increased, so have concerns about 
the potential environmental impacts of establishing large-scale forest plantations. Such 
concerns focus on potential loss of soil productivity, implications of replacing natural 
forests with a plantation, and the risks of using exotics species (Maginnis and Pollard, 
2006).  
 
Despite the widespread use of Eucalyptus spp. and Acacia spp. in afforestation, and 
despite the fact that these major programmes of afforestation occurred a long time ago, 
there has been no analysis or critique of the ecological consequences of these schemes 
in the Jabal Akhdar. It is important to asses both previous and present forest policies in 
order to understand the ecological consequences of these, and therefore help to develop 
different and improved restoration plans, as well as predicting how these plantations 
might affect long-term ecosystem function and dynamics. Also, priorities may be 
different in current compared to earlier planting, and in many cases the original 
objectives of planting schemes are not documented. For example, most of the exotic tree 
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species used in Africa have served several purposes, but their spread has been at the 
expense of native species which has affected the environment, and has also caused 
serious problems particularly in pasture land (FAO, 2003b). The exotic species have 
probably caused far reaching environmental impacts, such as competition with native 
species for resources including nutrients or space (Eldoumi et al., 2002). Exotic species 
in plantations may also have negative impacts on water runoff and erosion rates (Little, 




















The aims of the study  
The aim of the research is to investigate the relative roles of exotic compared to native 
tree species in preventing desertification and enhancing degraded land restoration in 
plantations along the southern route of the north eastern part of Libya. 
 
Specific objectives 
 To investigate effects of environmental factors on exotic compared to native tree 
species, assessed by observations on competition, growth and reproductive success of 
relevant tree species.  
 To assess the effects of methods of afforestation on the promotion of biological 
diversity, using the Shannon-Wiener diversity index to provide information on the 
biodiversity status and trends in new compared to old sites. 
 To investigate the effects of plantation forest of exotic compared to native tree species 
on environmental factors in new compared to old sites, assessed by measurements of 
soil depth in the field. 
 To analyse using multivariate statistics (cluster analysis and factor analysis) the 
influence of environmental factors on tree abundance and determine which factors are 
most influential, based on soil depth, angle of slope and altitude above sea level values 
measured in the field, and also using some data of rainfall and air temperature obtained 
from previous studies. 
 To assess which species are most effective in reducing the risk of desertification, and 






2. CHAPTER: 2 Study area and methods 
 
2.1 Introduction 
This chapter provides background information about the study area, and also describes 
the four main species of trees which have been used in afforestation in Libya. In 
addition, it describes the methods used to collect and analyse the data for different 
measurements which include the characteristics of the trees, such as the tree age and 
frequency, as well as the species diversity and certain environmental parameters such as 
soil depth. 
 
2.2 Study area 
The study area is located in the Jabal Akhdar along the north east part of Libya between 
latitude 32° and 33° North and 20° and 23° East. This area is characterized by different 
habitats such as coastal plain, hills, sand dunes and wadies (Azzawam, 1984; Zunni et 
al. 1996). Generally, the soils in the Jabal  Akhdar region are terra-rossa or heavy clay 
(Al-Idrissi et al., 1996). 
 
Eldoumi et al. (2002) indicate that the terrain and climate in the Jabal Akhdar, as well as 
human activity and livestock, give rise to two plant formations which are: 
1. Maquis formation: this starts from the coast and extends across the upper plateau 
as far as the steppe zone; it is dominated in parts by Pistacia lentiscus, with 
Ballota spp., Eryngium spp., Phlomis floccosa, Thapsia garganica and Urginea 
maritima, while elsewhere there is a mixture of species including; Arbutus 
pavarii, Cistus spp. Olea europaea var. oleaster, Phillyrea media, Phlomis 
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floccosa, Pistacia lentiscus, Quercus coccifera, Rhamnus spp., Rhus tripartita, 
Sarcopoterium spinosum and Zizyphus lotus. 
 
2. Steppe formation: a community dominant in the coastal plain; Anabasis 
articulata, Aristida pungens, Artemisia campestris, Artemisia herba-alba, 
Asphodelus microcarpa, Atriplex halimus, Calamintha spp., Cistus villosus, 
Cyclamen rohlfsianum, Echinops spp., Hammada scoparia, Micromeria spp., 
Ononis spp., Reaumuria mucronata, Retama raetam, Sarcopoterium spinosum, 
Scilla autumnalis, Stipa tenacissima, Thymelaea hirsuta, Thymus capitatus, 
Tolpis virgata, Urginea maritima, Zilla biparrmata and Zizyphus lotus. 
. 
A list of the main species found in the study area, based on Eldoumi et al. (2002), is 
given in Table 2.1 and two of the most common are illustrated in Figure 2.1. Further 














Table 2.1 Local names, scientific names and families for the most important local 
species in the study area (Source: Eldoumi et al., 2002) 
Local name Scientific name Family 
ورجع Anabasis articulata Chenopodiaceae 
يراًش Arbutus pavarii Ericaceae 
خيش Artemisia herba-alba Asteraceae 
زارفعج Asparagus aphyllus Liliaceae 
مصُع Asphodelus microcarpus Liliaceae 
لوضُل Calicotome rigida Fabaceae 
بورس Ceratonia siliqua Caesalpinaceae 
شترت Cistus parviflorus Cistaceae 
ورس Cupressus sempervirens Cupressaceae 
ةهثهد Euphorbia dendroides Euphorbiaceae 
زهك Ferula communis Apiaceae (Umbelliferae) 
ذنزيشنا حي Genista acanthoclada Fabaceae 
حمیرز Globularia alypum Globulariaceae 
ثير Haloxylon articulatum Chenopodiaceae 
لازو Junceum spartium Juncaceae 
رعرع Juniperus phoenicia Cupressaceae 
ضَر Laurus nobilis Lauraceae 
جسىع Lycium arabicum Solanaceae 
حنىهي حفهج Lygeum spartum Poaceae (Gramineae) 
 حهيًَأ /ايتور Marrubium vulgare Lamiaceae (Labiatae) 
 ٌاذیر- ٍيسري Myrtus communis Myrtaceae 
حهفص Nerium oleander Apocyanaceae 
ًسىي زىكع Nicotiana glauca Solanaceae 
يرت ٌىتیز Olea europea var. oleaster Oleaceae 
ءارًد Pentapera sicula Ericaceae 
بلاد Periploca laevigata Asclepiadaceae 
باشس Phillyrea angustifolia Oleaceae 
جريهز Phlomis floccosa Labiatae 
يثهذنا رتىُصنا Pinus halepensis Pinaceae 
وىطت Pistacia lentiscus Anacardiaceae 
وىطت Pistacia terebinthos Anacardiaceae 
حاسل Pituranthos tortuosus Umbelliferae 
طىهت Quercus coccifera Fagaceae 
ىتر Retama raetam Leguminosae 
فىهس Rhamnus oleoides Rhamnaceae 
يراضج Rhus tripartita Anacardiaceae 
ميهكأ Rosmarinus officinalis Lamiaceae (Labiatae) 
حافت ًهاشنا Salvia fruticosa Labiatae 
قرثش Sarcopoterium spinosum Rosaceae 
راًذنا رتعز Satureja thymbra Lamiaceae ( Labiatae) 
كيهع Smilax aspera Liliaceae 
فاشفش Suaeda pruinosa Chenopodiaceae 
جضعج Teucrium polium Lamiaceae (Labiatae) 
شایرص Thapsia garganica Umbelliferae 
ٌاُثي Thymelea hirsuta Thymelaeaceae 
رتعز Thymus capitatus Lamiaceae ( Labiatae) 
ٌىعرف مصت Urginea maritima Liliaceae 
راَري Viburnum tinus Caprifoliaceae 





Figure 2.1 Photographs of some species in the Ras Helal site: (a) Sarcopoterium 




The present study was designed to evaluate the effects of methods used early on in the 
afforestation program compared to those used more recently, as well as to compare 
between local and exotic species used in these programs. On this basis, sites were 
selected which were established in the middle of the twentieth century, as well as others 
which were established at varying times up to the beginning of the 1990s (Secretariat of 
Agriculture, 2010). Most of these sites were planted up using one type of tree species, 
37 
 
either native or exotic; sometimes more than one species was used, but usually species 
were not mixed. Tree planting was then resumed since the beginning of the year 2000 
(Secretariat of Agriculture, 2010), therefore some sites have been selected which are 
from this recent period; they are called new sites, and sometimes these were planted 
with mixed tree species. They have been selected to be fairly close to old sites to serve 





 2.3 Selection of sites 
Through the collection of information on the afforestation programmes in the Jabal 
Akhdar region from the local people, officials, some of references, and used a detailed 
map, it became clear that afforestation projects which carried out can be sorted into two 
areas: firstly sites has been planted since for more than ten years, which is limited, 
secondly sites were planted in the last ten years. Locations were selected to include all 
areas along the Jabal Akhdar. Information was collected in the field in two stages: from 
March to October 2008, then from May to October 2009. In the first period, sampling 
initially involved recording tree measurements from the old sites, each site requiring 
two to three weeks, and sometimes more, depending on the ease or difficulty of taking 
measurements. As this sampling proceeded, the author realised that a comparison with 
younger sites would be helpful, and therefore a (smaller) number of each sites were also 
sampled. Environmental variables were then recorded in the second sampling period, in 
2009. On this basis, twenty-four forest plantations were selected along a route of about 
300 km in the Jabal Akhdar region in the north east of Libya (see Figure 2.2). Thirteen 
of these consisted of old plantations (more than 10 years since tree planting) while 
eleven of these were young sites (less than 10 years since establishment). All but four of 
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the forest plantation sites were located in the region of the "Green Belt" along the 
southern route of the Jabal Akhdar; three of the four exceptions (all old sites) were 
located near the coast, and the final site (a new one) was located to the south of the 
Jabal Akhdar range near the desert area (see Figure 2.2). An electronic map is included 
in the CD appended to this thesis, which shows the elevation contours for the are, a 
together with the site locations. 
 
Table 2.2 The locations of the study sites and some environmental parameters; latitude 
and longitude, mean altitude above sea level, and mean annual rainfall (mm yr
-1
) and 
mean annual air temperatures (°C) from the period 1950-2000. The terms „old‟ (more 
than 10 years since tree planting) and „new‟ (less than 10 years since establishment) 
refer to the plantation age. Data for rainfall and air temperature were obtained from A. 
Ismail, University of Derna (verbal communication, October 2009). (For Google Earth 
images of the all sites, see Appendix. 1) 
















Fataeh 32°43'53.57"N 22°40'41.76"E 240 268.5 20.0 
Ras Helal 32°52'28.88"N 22°11'33.29"E 83 379.0 16.0 
Got Sultan 32° 9'19.58"N 20°33'4.33"E 270 351.0 20.1 
Shahat 32°49'39.45"N 21°52'36.09"E 600 559.3 16.5 
Kashaf 32°30'33.80"N 21° 7'17.35"E 457 295.0 20.0 
Madwar Ziton 32°27'0.32"N 21°17'18.15"E 440 342.0 21.0 
Hemre 32°38'20.20"N 21°47'59.73"E 855 578.0 18.0 
Marawah 32°29'4.86"N 21°23'53.81"E 477 268.6 17.0 
Qiqb 32°43'29.12"N 22° 1'36.41"E 709 407.0 22.0 
Kandwla 32°32'48.55"N 21°35'6.92"E 640 337.0 18.0 
Slanta 32°35'16.66"N 21°42'3.33"E 734 349.0 17.0 
Rajma 32° 5'44.78"N 20°26'18.03"E 260 273.0 20.1 







Hemre 32°38'37.24"N 21°47'41.44"E 830 578.0 18.0 
Marawah 32°27'25.57"N 21°18'6.01"E 450 268.6 17.0 
Qiqb 32°43'43.22"N 22° 1'41.58"E 710 407.0 22.0 
Kandwla 32°32'53.77"N 21°34'55.70"E 630 337.0 18.0 
Slanta 32°35'20.44"N 21°42'23.59"E 737 349.0 17.0 
Rajma 32° 6'24.04"N 20°24'55.61"E 265 273.0 20.1 
Makele 32° 9'33.92"N 22°17'42.75"E 195 55.7 32.0 
Bu Duraa 32°38'32.78"N 22°28'38.19"E 397 262.0 20.0 
Ali Kalefa 32°38'42.02"N 22°28'39.49"E 396 262.0 20.0 
Nuwar 32°40'4.68"N 22° 9'42.03"E 614 282.0 23.0 




Figure 2.2 Locations of the twenty four study sites, which are located mostly along the southern route of the Jabal Akhdar, also showing 
which sites are old and which new ones. The inset map shows the location of the study area in Libya ( Source: Google Earth, 2011) 
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2.4 Plantation forests in the study area 
Plantation forests in the Jabal Akhdar have been created with four main species; the 
native Pinus halepensis (useful for the environment and soil stabilization) and 
Cupressus sempervirens (planted as windbreaks and for soil conservation), and the 
exotic species Acacia cyanophylla and Eucalyptus gomphocephala (planted as 
windbreaks and for soil conservation) (Zunni and Bayoumi, 2006). These four species 
will be described in more detail below. 
 
2.4.1 Pinus halepensis Mill. 
English Name:  Aleppo pine 
Genus: Pinus L. – pine 
Family: Pinaceae – Pine family 
 
In Mediterranean arid regions, Pinus spp. have long been used for land restoration 
(Pausas et al., 2004), and to reduce drought (Oliet et al., 2009). Pinus halepensis Mill 
(the Aleppo Pine) is a species native to the Jabal Akhdar area (Eldoumi et al., 2002). It 
can grow up to 18-25 m tall (Zunni and Bayoumi, 2006) (Figure 2.3). This species is 
found mainly in the western Mediterranean (Morocco and Spain), in the countries of the 
northern Mediterranean (southern France, Italy, Croatia and Greece), through the 
eastern Mediterranean in Syria, southern Turkey, Jordan and Israel; it is not found so 
frequently in the countries of eastern North Africa (Fady et al., 2003), but it is found in 
the north east of Libya (Zunni and Bayoumi, 2006). 
 
Pinus halepensis has a much greater coverage nowadays, partly because it has been 
widely planted in the Mediterranean (Pausas et al., 2004). It is able to resist 
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unfavourable climatic conditions of the Mediterranean region. It can be found at 
altitudes above sea level from about 0 to 1400 m (Fady et al., 2003). The best 
conditions for P. halepensis forests occur where there is an annual rainfall of 350–700 
mm and mean minimum air temperatures between –2 to +10 °C (Fady et al., 2003). P. 
halepensis can be used on a small scale for the afforestation of sandy steppes, although 
their rate of growth is very slow; with regard to sand dune fixation, they are less 
effective than Acacia spp. (Messines, 1952). Distribution of this species depends on 
temperature, as one factor that can limit its distribution; also, it is well adapted to 
droughts and can survive with annual rainfall as low as 150 mm (Bocio et al., 2004). It 
is unknown whether the trees of P. halepensis planted in Libya come from native 
genetic stock, or whether seed was obtained from elsewhere in the Mediterranean. 
 




2.4.2 Cupressus sempervirens L. 
English Name:  Italian cypress 
Genus: Cupressus L. – cypress 
Family: Cupressaceae – Cypress family 
 
Cupressus sempervirens is a native tree which grows to 25 m height (Figure 2.4), its 
original native distribution is in the Mediterranean region, and the species has been 
planted over a long period (Zunni and Bayoumi, 2006). It can be found throughout the 
entire Mediterranean region, and various authorities attribute its native distribution to 
Greece, Turkey, northern Iran, Syria and Lebanon, while in North Africa it may be 
native to Tunisia and north east Libya. It is tolerant of air temperatures as low as -15 °C. 
Its root system is well developed, and it grows in alkaline soils (Zunni and Bayoumi, 
2006). 
 





2.4.3 Eucalyptus gomphocephala DC. 
English Name:  Tuart – Blue Gum 
Genus: Eucalyptus L'Hér.  
Family: Myrtaceae – Myrtle family    
 
Eucalyptus gomphocephala, known as Tuart or Blue Gum, is an exotic tree species 
which was planted in the Jabal Akhdar region in the 1930s (Zunni and Bayoumi, 2006) 
(Figure 2.5). E. gomphocephala is one of the species most widely found near Tripoli in 
the west of Libya, where it has been successfully planted (Messines, 1952). It was 
widely planted as a windbreak and for fixation of sand dunes, as well as an avenue and 
shade tree.  
 
Eucalyptus gomphocephala grows naturally in Australia in pure stands and less 
commonly in mixed forests with other eucalypts. It occurs in a variety of floristic 
communities across its range including both wetlands and uplands. It is a common 
species in south western Australia, where Eucalyptus gomphocephala dominates the 
coastal dunes of the Swan coastal plain and near Perth, from sea level to 30 m (NAS, 
1980; Government of Western Australia, 2004). It has been planted widely, in Cyprus, 
Ethiopia, Greece, Israel, Italy, Libya, Morocco, Tunisia, Turkey and Uruguay (NAS, 
1980).  
 
Natural Tuart woodlands function as important ecosystems, for example, by including 
many understorey plants, they contribute to species biodiversity, improving the quality 
of soils by retaining organic matter, maintaining the soil‟s microbiological properties, 
and by protecting the soil surface from erosion by wind. They also protect underground 
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and coastal wetland water resources from the encroachment of salinity (Government of 
Western Australia, 2004). Information on the genetics of Eucalyptus gomphocephala 
woodlands is poorly understood (Government of Western Australia, 2004). The precise 
origin of the seeds used for plantation in Libya is unknown. The seed was first sourced 
from Italy in 1973 (Eldoumi et al., 2002). However, in view of the genetic variability of 
Eucalyptus gomphocephala in Australia, it not possible to say exactly what genotype 
was used in Italy, and therefore in Libya. Broadly speaking, the climatic conditions 
required for the growth of Eucalyptus gomphocephala in its original areas in South 
Australia correspond with these found in the study area. 
 
Figure 2.5 Eucalyptus gomphocephala trees at the Qiqb site (Photo by the author, July 
2008) 
 
An evergreen tree 20-40 m high, with a short trunk 0.9-1.8 m in diameter, it has a dense 
crown, which is broad, with large spreading to nearly upright branches, and it is able to 
tolerate calcareous soil, limestone, salt, sand, and wind. This species is one of the best 
for planting in areas where rainfall mainly occurs in winter, and where there is an 
annual rainfall of 700-1000 mm (Zunni and Bayoumi, 2006). It is reported to grow well 
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at moderate air temperatures 16 to 18 °C, where there are six dry summer months 
(Duke, 1983). 
 
2.4.4 Acacia cyanophylla Lindl. 
English Name:  Blue- Leafed wattle 
Genus: Acacia Mill.  
Family: (Mimosaceae) Leguminosae 
Acacia cyanophylla is an exotic tree species planted in the Jabal Akhdar region as a 
pastoral plant (Figure 2.6). It can grow as a shrub with several thornless stems, or as a 
small tree up to 7m high with just one trunk (Zunni and Bayoumi, 2006). A. 
cyanophylla is originally found on the southern coast of Western Australia, and occurs 
naturally where the mean annual rainfall is 300 to 1000 mm; a suitable air temperature 
range for the species is 15 to 20
o
C (NFTH, 1992; Zunni and Bayoumi, 2006). The 
species has been found to grow rapidly when the conditions are favorable and under 
various environmental conditions, particularly where there is greater moisture. It can 
cope with drought conditions; however, it does not cope with temperatures below 0 °C. 
The species has particularly been found (in Australia) in coastal areas (O‟Sullivan et al., 
2009). 
 
The tree is found at elevations from sea level to about 325 m (NFTH, 1992).  A few 
forests of Acacia are found in small parts of Algeria and Morocco and also in the desert 
steppes of Cyrenaica (Messines, 1952). Besides being able to tolerate light frosts, it can 
also tolerate drought and alkalinity (NFTH, 1992; Zunni and Bayoumi, 2006). It grows 
on sandy moors over deep calcareous sands with Eucalyptus gomphocephala, with both 
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species being successful in the Tripoli area in the west of Libya. A. cyanophylla fixes 
the soil well with its roots (Messines, 1952). 
 
Figure 2.6 Photograph of Acacia cyanophylla at the Madwar Ziton site (Photo by the 
author, July 2008) 
 
 
2.5 Definition of plots and subplots 
According to the pattern of sampling described by the FAO (2004), data have been 
collected through observations and measurements at three levels: within the locations, 
which represent the highest level (general description, topography and human 
activities), then in smaller sub-units (plots and subplots) demarcated within the 
locations, where each location contains three plots, and three subplots which are 




Plot: The determination of the size and shape for a plot is critical when sampling 
forests. The choice of shape is often a matter of convention; rectangular plots are 
commonly used in plantations (Brack, 1999). Transects (very asymmetrical plots) have 
been used in this study, where the dimensions of the plot were about 100m x 10m 
(Figure 2.7b). In accordance with the FAO protocol (2004) the data were collected from 
the starting point of the plot, then moving in a predefined direction, progressing along 
the middle of the plot with the help of a compass and 100m rope, to get a well defined 
central line. Along this central line, measurements were made of different variables of 
all trees and stumps (with a diameter at breast height ≥ 7 cm), up to 5 m away from the 
line on both sides. 
 
Subplots: Three pairs of subplots were defined within each plot. There are thus two 
different data collection levels: three quadrates subplots measuring 10m x 10m (level 
one) (Figure 2.7b), and three circular subplots with a radius of 3.99 m, (level two), 
which are taken from the centre of the quadrate subplots. Both types of subplot were 
numbered from one to three, beginning at the starting point of the plot. In each quadrate 
subplot tree regeneration (Dbh < 7 cm) was measured, and a measurement of soil depth 









Figure 2.7 Sampling design in the study area (see text for further details). (A1) 
represents one plot from three of the plots in the sites; (B1,2,3) represent three sub plots 




2.6 Collection of tree data in the field 
All the trees ≥ 7 cm in diameter at breast height found within each plot were counted 
and measured for various parameters. According to the FAO (2004), trees located at the 
edge of the plot were taken to be inside the plot if at least half of the trunk diameter was 
inside at breast height. Any details related to the plot were also recorded, such as 
evidence of felling or natural mortality of trees etc. Any information and observations 
that might help interpretation of what was occurring on the plot, such as negative human 
activities, were also noted. After taking photographs of all herbaceous plants within 
each plot, identification of these plants was carried out by Dr. Sanusi Zunni, who is one 





2.6.1 Tree age 
Assessing tree age is normally most useful if the stand is even-aged, i.e. regeneration of 
all the trees (whether naturally or by planting) happened at about the same time (West, 
2009). For plantations, the stand age can generally be obtained from planting records. 
Tree seedlings from a nursery are usually planted out at 6-12 months old, or perhaps 
older. Therefore, generally plantations are aged from when they were planted (West, 
2009). In the present study, the age of the stand was estimated through the information 
available from forestry officials and local people of the region. This information was 
fairly reliable, especially when compared with the information in the study conducted 
by Eldoumi et al. (2002), as there were few differences in age estimates and they did not 
exceed about ±3 years. 
 
2.6.2 Measured variables 
 
 2.6.2.1 Stocking rate 
In stands of young trees where the main focus is on whether it is desirable to add extra 
trees or not, the frequency of trees per unit area may be a suitable index of density 
provided the trees are reasonably similar in size (Brack, 1999). Rather than expressing 
results as the total number of trees in an area, instead the stocking rate, or density of 
trees ha
-1
, is often used, calculated from fixed area plots (Husch et al., 2003). Stocking 
(the number of trees per unit area) is an indication of whether tree cover is adequate in 
an area. Thus the relative terms 'under-stocked', 'fully stocked', and 'over stocked' may 
be used to describe a young forest stand (Brack, 1999). In this study, the number of 
trees in a defined area is divided by that area (100 × 10 m), with results expressed as the 
number of trees per hectare.  
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2.6.2.2 Trunk diameter of trees 
Following the procedure in West (2009), trunk diameter at breast height above the 
ground was measured. If the ground was uneven, breast height was measured from 
where the ground was highest at the base of the tree. Special rules have been applied 
where a tree forks near breast height, as otherwise this may lead to inaccurate estimates 
of tree bole volume (Brack, 1999). The tree was treated as double or multiple stemmed 
(i.e. counted as being more than one tree) if the fork was below breast height. If the fork 
was above breast height, the tree was treated as a single main stem (Brack, 1999). When 
swelling at breast height occurred due to the stem being forked above breast height, the 
breast height measurement was taken where the bole diameter was smallest, below the 
swelling (West, 2009). Generally the stem diameter has been determined by measuring 
the girth with a tape measure (with units in centimetres), and then calculating the trunk 
diameter from the girth. With smaller trees a calliper was used to measure trunk 
diameter directly (West, 2009). 
 
2.6.2.3 Tree height and slope angle 
According to Brack (1999) the height of a tree can be measured directly or indirectly. In 
this study, direct measurement techniques were used on felled trees or small trees, with 
a height stick (graduated pole); the use of height sticks is a reliable technique for 
measuring the height of standing trees less than about 8m. Errors in measuring height 
are typically less than about 1 %. The height sticks used were about 1.5m long. Taller 
standing trees, however, were measured indirectly using an instrument commonly called 
a Suunto Clinometer (Height and Slope Angle Meters type, l-M.5/66 & PM.5/66P). 
This clinometer was also used to measured the angle of slope (Turner, 1995).  
 A given distance (15 or 20m) is measured from the tree. 
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 A cross hair is then sighted and aligned with the top of the tree. Provided the 
ground is level, the tree height can then be read directly in the viewer. 
 If the ground is not level, the user then sights to the bottom of the tree, and then 
subtracts or adds (if the tree base is above or below the user, respectively) the 
reading from the original value obtained. 
 
2.6.2.4 Crown diameter, tree coverage and relative coverage 
According to the NRBT (2009), the crown spread is measured (in centimeters) twice, 
one measurement at right angles to the other. The first measurement is of the maximum 
diameter of the crown, choosing the two points along the drip line of the tree that are 
furthest apart (the drip line is the outline on the ground of the edge of the tree canopy). 
Then the crown diameter is also recorded at right angles to this. A mean of the two 
crown spreads gives the crown diameter (NRBT, 2009).  
 
The percentage of ground covered by the trees is taken as an indicator of density as well 
as the extent of competition (Costanzo, 2006). In the present study, the tree coverage 
was measured as the percentage of ground covered by the drip line of the tree crown in 
a stand (Brack, 1999). Canopy cover in some cases can exceed 100 %, because of 
overlap of different vegetative strata (Powell, 1999). Then the relative coverage was 
calculated as: Relative coverage (%) = (crown coverage for each site / total crown 
coverage for all sites) X 100. 
 
The SFRI classified the forests of Australia into six classes of relative coverage: Very 
sparse (1-9 %), Sparse (10-29 %), Low (30-49 %), Medium (50-69 %), Dense (70-84 
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%) and Very dense (85-100 %) (Natural Resources and Environment, 1999). These 
classes were used to describe the tree coverage in this study. 
 
2.6.2.5 Natural mortality and felling 
Following the methods described in Eldoumi et al., (2002), in each plot a count was 
made of the number of trees showing natural mortality, such as the damage caused by 
uprooting of trees or broken branches due to the wind, as well as due to some diseases 
that affect trees, or artificial mortality through felling or burning. 
 
2.6.2.6 Seedlings 
The number of seedling (Dbh < 7 cm) has been counted in each of the three (10m x 
10m) subplots in every plot, as recommended in FAO (2004). This is done because 
seedlings are more numerous than larger trees so they can be sampled on a smaller area 
and still obtain a representative sample. 
 
2.6.3 Calculated variables 
 
2.6.3.1 Basal area (BA) 
The term „basal area‟ is used for the cross-sectional area of tree stems (trunks) as 
measured at breast height (1.3m above the ground) (Brack, 1999). Using the method 
described in Reid and Peter (2001), cross-sectional areas were calculated from 
diameters after assuming that the bole has a circular shape and using an equation for the 
area of a circle: area = π r2, where r = radius. The equation below also has been used to 
obtain the basal area in square metres from the diameter in centimetres;   
Basal area (BA) (m²) = [(Dbh) /200]
2
 x π. (where π = 3.142).   
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2.6.3.2 Standing basal area (SBA) 
Standing basal area is the combined cross-sectional area of all the trees at breast height 




) (Reid and Peter, 2001). It can be regarded as 
a summary of the frequency and the size of trees in a stand. Standing basal area is 
related to stand volume, biomass, and also correlated with competition or the density of 
a stand (Brack, 1999). The SBA in this study has been calculated according to the 
equation in Reid and Peter (2001) using the average tree diameter;  









2.6.3.3 Mean annual height increment 
The growth of trees is often measured in relation to time. Mean annual height increment 
is the average annual growth of the tree based on the entire life or age of the tree. In this 
study, the mean annual height increment was calculated by the method of Eldoumi et al. 




) = average 
height of stand trees (m) / age of stand (yrs). 
 
2.6.3.4 Frequency 
Frequency is the percentage of plots in which a species appears (based on 
presence/absence only of the species within the plot), and it is therefore as indication of 
how common a species is in all the plots (Elzinga et al., 1998). 
 
2.6.3.5 Species richness and diversity indices 
Studies of species diversity have tended to focus on quantifying species richness 
(Magurran, 1988; UNjobs, 2010). Species richness is the total number of species present 
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within a habitat. Species richness is the most commonly used measure of diversity 
because it is easy to use and to understand (Magurran, 1988; UNjobs, 2010). However, 
species diversity can involve both the number of species (species richness) and the 
relative proportions of each of these species in a community (the evenness) (Magurran, 
1988; UNjobs, 2010).  
 
Diversity indices often take into account both of these components of diversity (species 
richness and the relative abundance of each species). One of the most commonly used 
diversity indices is the Shannon-Wiener Index (H΄) (Magurran, 1988; UNjobs, 2010). 
The Shannon-Wiener Index uses both the relative abundance and species richness of 
each of these species in a community to determine how likely it is that any individual 
picked at random will be of a given species. Using the data from the stand density, the 
richness and evenness measures of species diversity were calculated from each site as 
following (UNjobs, 2010); 
 Species richness (R) was taken simply as the number of species found at each site. 
R = s 
Where: 
s = the number of species 
 Species evenness (E) was calculated based on the species richness and the Shannon-
Wiener information measure (H΄) using the equation; 
E= H΄/ln(R)   
Where H΄ =               
pi = proportion of individuals in the sampled area which belong to species i. 
S = total number of species recorded. 
∑ = sum the values for all species. 
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ln = natural logarithm. 
 
High values of H΄ indicate a more diverse community. A community with just one 
species in it would have an H΄ value of 0 (Magurran, 1988; Lane, 2007). A high H΄ 
indicates that the species are evenly distributed, that is they all have roughly the same 
abundance (Lane, 2007). Therefore the H΄ indicates not only the species richness but 
also the relative abundance of the species in the community (the evenness) (Magurran, 
1988; Lane, 2007). If all species have similar proportions then the evenness value is 
one, but when the abundances are very dissimilar (some of species rare or common) 
then the value increases (Gashaw, 2010). 
 
2.7 Soil data collection 
Soil depth was measured at points located in the centre of each subplot (circle) as shown 
in Figure 2.7. Once the soil material was removed from the topsoil layer downward to 
the bedrock or parent material by a shovel, digging until no further penetration was 
possible, soil depth was directly determined using a measuring tape. The average soil 
depth to the consolidated bedrock (in centimetres) per plot was recorded (Soil Survey 
Staff, 2010; Hudnall, 2010; McGarry, 2011). Determining the depth of soil is not 
always easy to measure, as sometimes there are obstacles that may affect the accuracy 
of the data, such as the presence of alluvium or colluvium. Furthermore, the distribution 
of organic matter in the soil profile was not specifically determined. Therefore, it is 
recognised that there may be limitations with the interpretation of these soil depth 




2.8 Data analysis 
Data were analysed using the Excel spreadsheet package and the MINITAB statistical 
package version 16. The data were initially summarized in the form of means, 
confidence intervals and percentages. Hypothesis testing included two-sample t-tests, 
for comparing the means of two samples, where data are quantitative; Pearson product-
moment correlation coefficients between variables were used to look for strength of 
relationship between two quantitative variables for the same set of individuals; and one-
factor ANOVA tests, were used for comparing means of several samples, where data 
are quantitative. The data were later analysed by multivariate statistics, namely factor 
analysis ordinations and site and environmental variable classifications. These analyses 
















In this chapter are presented analyses, for both the native and exotic species, of the 
characteristics which are considered as expressive of the site quality, assessed by 
observations on growth and reproductive success of relevant tree species, plus study of 
the diversity in all the sites. Comparisons will be made of the native and exotic species, 
and also of the different methods of afforestation used in the early and subsequent 
periods. In general, these analyses are aimed at identifying the extent of the success of 
afforestation by the native and exotic species, and therefore their ability to combat 
desertification. Description of the individual variables will be given in this chapter, and 
the results summarised here; also, the complete data set is included in Appendix 2 and 
electronically on the attached CD. 
 
3.2 Stand density and stocking 
Measures of stand density and forest stocking are both used to depict the degree to 
which a given site is being utilized by the growing trees or simply to indicate the 
quantity of wood in an area (Husch et al., 2003).  
 
3.2.1 Stocking rate  
Data on the mean age, stocking rate, percentage stocking rate and percentage frequency 
are included in Table 3.1, for each of the four species of tree in all the study areas. The 
results for percentage stocking rate and percentage frequency are illustrated graphically 
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in Figure 3.1. This shows that the native species Pinus halepensis is overall the most 
common tree species (Table 3.1, Figures 3.1), with a high percentage frequency of sites 
where it is present and a high stocking rate percentage as well. Eucalyptus 
gomphocephala is the second most common species in terms of both measures and this 
exotic species appears to be quite successful. Although there is a big difference in terms 
of age between Cupressus sempervirens as a native species and Acacia cyanophylla as 
an exotic one, they are similar in terms of low percentage frequency and stocking rate, 
and therefore their success is also low. 
 
 
Table 3.1 Mean age and stocking rate, with standard error and percentage of stocking 
rate (number of sites =13) and frequency percentage (number of plots =39) for four 
main species of trees ha
-1
 in the study sites. 
Species Age Stocking rate Frequency for all plots 
Years Stems ha
-1
 % % 
Pinus halepensis 38±5 709±60 54.3 64.1 
Eucalyptus gomphocephala 38±9 668±64 25.6 15.4 
Acacia cyanophylla 31±4 380±78 10.4 10.2 
Cupressus sempervirens 80±0 813±537 9.7 10.2 
 
The results included in Table 3.2 show that there is no trend in the stocking rate in 
relation to site age from youngest to oldest sites. Figure 3.2, organised from youngest to 
oldest sites, shows that there is no trend in the stocking rate in relation to site age for 









Figure 3.1 Percentage stocking rate values (number of sites = 13) and frequency 
percentage (number of plots = 39) for Pinus halepensis, Eucalyptus gomphocephala, 
Acacia cyanophylla and Cupressus sempervirens trees ha
-1
 in the study sites 
 
 
Table 3.2 Mean values per site for age and total stocking rate for Pinus halepensis, 
Eucalyptus gomphocephala, Acacia cyanophylla and Cupressus sempervirens trees 
species ha
-1
, organised from youngest to oldest sites within each species category 
(number of all sites = 13). 
Species Sites Age Total stocking rate  
Years Stems ha
-1 
Pinus halepensis Fataeh 20 715±4 
Madwar Ziton 20 620±3 
Ras Helal 33 292±1 
Kashaf 33 672±2 
Qiqb 33 740±4 
Got Sultan 36 935±7 
Marawah 36 582±1 
Kandowla 36 1077±5 
Slanta 36 787±1 
Rajma 36 470±5 
Hemre 53 837±2 
Shahat 80 780±3 
Eucalyptus 
gomphocephala 
Fataeh 20 500±4 
Madwar Ziton 20 750±5 
Qiqb 33 930±3 
Got Sultan 36 610±4 
Rajma 36 550±4 
Shahat 80 670±2 
Acacia cyanophylla Madwar Ziton 20 610±8 
Qiqb 33 310±4 
Rajma  36 270±2 
Got Sultan 36 330±4 
Cupressus 
sempervirens 
Shahat 80 1350±6 
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Figure 3.2 Stocking rates for Pinus halepensis trees, organised from youngest (left) to 
oldest (right) sites. Numbers represent the number of tree stems per hectare 
 
 
Individual sites are different, which may be due to the different environmental factors or 
human activity affecting each site. Although the periphery of the site is different (Figure 
3.3a), the density of P. halepensis trees in the Kandowla site in general may be 
indicated to be 'over stocked'; this means that the space available for each tree is only 
about 9 m² (Figure 3.3b), which may not be sufficient space for the trees to grow 
adequately, especially at about 36 years of site age. This high stocking rate may be 
partly due to the cultivation of more than one seedling per hole (as shown in Figure 
3.4a). Also, in some cases the trees have more than one stem, due to the felling of the 
developing crown early, probably due to grazing, leading to the trees forking; then each 
stem would be measured as separate from the other stem, and for this reason increase 
the density of the trees (Figure 3.4b). There probably has also been insufficient thinning 






























The lowest density of P. halepensis was at the Ras Helal site, which would be labelled 
'under-stocked', due to this region having been exposed to fire many times (Figure 3.5); 
this means that the space available for each tree is about 34m², and perhaps this fairly 
large area may be helpful to improve growth (Table 3.2). 
 
Figure 3.3 Photographs showing the importance of thinning of trees at the Kandowla 
site: (a) A better growth of Pinus halepensis trees which were present on the edge of the 
forest, due to the availability of adequate space for growth; (b) Poor growth of P. 
halepensis trees present within the forest as a result of the lack of adequate space for 














Figure 3.4 Photos showing two possible reasons for an increased density of trees in a 
plot; (a) The cultivation of more than one seedling per planting hole illustrated for 
Cupressus sempervirens at the site of Ali Kalefa; (b) The tree having more than one 
stem, due to the felling of the developing crown early in its growth, illustrated for 






Figure 3.5 The lowest density of Pinus halepensis found at the Ras Helal site, due to 
this region having been exposed to fire many times: (a) In 1996; (b) In 2008 (Photos by 




The density of Eucalyptus gomphocephala trees per site is shown in Figure 3.6, and 
indicate the Qiqb site to be 'over stocked', so that the space available for each tree is 
only about 11 m². The other extreme was the Fataeh site which might be described as 
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'under-stocked', however even here the space available for each tree is only about 20m², 
which may be not sufficient space available for the trees to grow adequately either. 
Therefore it would seem that this species requires intermediate levels of thinning at an 
early stage to give more space for each tree after the first ten years, allowing an increase 
in the growth of trees and thus increase the size. Overall, however, these results indicate 
that this exotic species can respond well to the available conditions and can grow 
successfully in these areas. 
  
Figure 3.6 Stocking rates for Eucalyptus gomphocephala trees, organised from youngest 
(left) to oldest (right) sites. Numbers represent the number of tree stems per hectare 
 
 
Table 3.2 and Figure 3.7 show that there may be a trend in the stocking rate in relation 
to site age from youngest to oldest sites for Acacia cyanophylla. The density of A. 
cyanophylla trees in the Madwar Ziton site is high and 'over stocked', whereas the other 
three sites all had similar stocking rates. Generally, the density of A. cyanophylla trees 
at most sites could be indicated to be 'under-stocked', where the trees have been planted 
in spaced rows with a small distance between the trees within a row but a large distance 
































and the general success rate is the least of the four main tree species as well. Although 
the environmental conditions would seem suitable for such an exotic species, the poor 
growth success may be due to human activities. 
 
Figure 3.7 Stocking rates for Acacia cyanophylla trees, organised from youngest (left) 
to oldest (right) sites. Numbers represent the number of tree stems per hectare. 
 
 
Table 3.2 shows that the Shahat site is the more appropriate area of the two in which the 
species was found for the cultivation of Cupressus sempervirens trees, with a high 
success rate. The density of C. sempervirens trees in the Shahat site was 1350 stems ha
-1
 
compared with the Koof site at 275 stems ha
-1
. These differences in density are despite 
the two sites having similar climatic conditions. The great difference of density may be 
due to human activity such as the removal of trees in the Koof site for the purpose of 
agriculture and at other times to collect firewood. 
 
When these data on density were analysed by a one-factor ANOVA test (Table 3.3) and 
subsequent Scheffé test for comparison of means, the results show that there is a 
























Comparison of the means (Table 3.4) indicated statistically significant differences only 
between Pinus halepensis and Acacia cyanophylla species, with the former species 
having a greater stocking rate than the latter. 
 
Table 3.3 Summary of results of a one-way ANOVA analysis of stocking rate ha
-1
 for 
Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla trees in the study 
sites (Cupressus sempervirens has been omitted due to insufficient data). 
Source 






F- value Probability Significance 
Between species 2 332127 166063 4.75 P ≤ 0.05 * 
Within species 19 664718 34985    
Total 21 996845     
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 3.4 Summary of results of comparisons by Scheffé test following a one-way 
ANOVA analysis for stocking rate ha
-1 
for Pinus halepensis, Eucalyptus 
gomphocephala and Acacia cyanophylla trees in the study sites (Cupressus 
sempervirens has been omitted due to insufficient data). 













Eucalyptus gomphocephala 40.5 93.5 -207.6 288.7 
Acacia cyanophylla 328.9
*
 107.9 42.3 615.5 
Eucalyptus 
gomphocephala 
Acacia cyanophylla 288.3 120.7 -32.1 608.7 








3.2.2 Standing basal area 
Although Eucalyptus gomphocephala trees are the second most common species, they 
have the largest standing basal area compared to the other species (Table 3.5 and Figure 
3.8), perhaps due to these trees having the greatest diameter, compared with other 
species. By contrast, the standing basal area for Acacia cyanophylla is very small. 
 
Table 3.5 Mean of trunk diameter, basal area and standing basal area ha
-1
, with standard 
error (number of sites = 13), for four main species of trees in the study sites. 
Species Diameter Basal area Standing basal area 
cm m² m² ha
-1
 
Pinus halepensis 22±2 0.05±0.01 35±6 
Eucalyptus gomphocephala 29±5         0.08±0.3 52±16 
Acacia cyanophylla   13±0.7         0.04±0.0 5±0.6 
Cupressus sempervirens 20±8 0.04±0.03 46±43 
 
Figure 3.8 Photographs showing the difference of basal area at the Shahat site between 
(a) Eucalyptus gomphocephala trees, and (b) Pinus halepensis trees (Photos by the 
author, July 2008) 
 
 
Shown graphically (Figure 3.9) the results for Pinus halepensis trees indicate that forest 
stands in the Marawah site are densely populated and exhibit species competition, 
which was clearly a better site compared with the rest of the sites. The highest value of 
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standing basal area for Eucalyptus gomphocephala trees was in the Shahat site (Table 
3.6) and there was a big difference between this site and the rest of the sites; similarly, 
there was a big difference in standing basal area for Cupressus sempervirens trees 
between the site of the Shahat compared with the site the Koof (not shown in Figure 
3.9), while the standing basal area for Acacia cyanophylla trees was relatively similar 
for all sites (Table 3.6 and Figure 3.9). There does not appear to be any consistent trend 
in standing basal area values from youngest to oldest sites for any of the species (Figure 
3.9). 
 
Table 3.6 Mean values per site for trunk diameter, basal area and standing basal area  
ha
-1
 for four tree species, organised within each species list into sites from youngest to 
oldest (number of all sites = 13). 
Species Sites Diameter Basal area  Standing basal 
area 
cm m2 m² ha-1 
Pinus halepensis Fataeh 15±1 0.02±0.003 17±0.2 
Madwar Ziton 20±2 0.04±0.01 24±0.2 
Ras Helal 19±2 0.03±0.01 11±0.1 
Kashaf 22±2 0.04±0.01 29±0.1 
Qiqb 18±2 0.03±0.01 21±0.2 
Got Sultan 16±1 0.02±0.003 21±0.2 
Marawah 37±2 0.13±0.01 78±0.2 
Kandowla 19±2 0.03±0.003 41±0.4 
Slanta 29±2 0.08±0.01 48±0.1 
Rajma 16±2 0.02±0.003 11±0.1 
Hemre 27±2 0.06±0.01 61±0.3 
Shahat 27±2 0.07±0.01 54±0.3 
Eucalyptus 
gomphocephala 
Fataeh 31±1 0.08±0.01 42±0.2 
Madwar Ziton 19±1 0.03±0.003 23±0.2 
Qiqb 26±2 0.07±0.01 50±0.2 
Got Sultan 20±1 0.03±0.003 20±0.2 
Rajma 33±2 0.09±0.01 50±0.5 
Shahat 49±3 0.21±0.02 127±0.5 
Acacia cyanophylla Madwar Ziton 12±1 0.01±0.002 6.1±0.1 
Qiqb 12±1 0.01±±0.002 3.3±0.06 
Rajma  15±1 0.02±0.003 4.9±0.05 
Got Sultan 13±1 0.01±0.002 4.4±0.06 
Cupressus 
sempervirens 
Shahat 28±2 0.06±0.01 89.1±0.5 





Figure 3.9 Standing basal area for (A) Pinus halepensis, (B) Eucalyptus gomphocephala 
and (C) Acacia cyanophylla trees, organised from youngest (left) to oldest (right) sites 
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Table 3.7 Summary of results of a one-way ANOVA analysis of the standing basal area 
ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla trees in 
the study sites (Cupressus sempervirens has been omitted due to insufficient data). 
Source 






F- value Probability Significance 
Between species 2 5370 2685 4.05 P ≤ 0.05 * 
Within species 19 12590 663    
Total 21 17960     
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
When these data were analysed by a one-factor ANOVA test (Table 3.7) and subsequent 
Scheffé test for comparison of means, the results show that there is a statistically 
significant difference for mean of standing basal area between tree species overall. 
Comparison of the means (Table 3.8) indicated statistically significant differences only 
between Eucalyptus gomphocephala and Acacia cyanophylla species, E. 
gomphocephala having a larger basal area than A. cyanophylla. 
 
Table 3.8 Summary of results of comparisons by Scheffé test following a one-way 
ANOVA analysis for standing basal area ha
-1
 for Pinus halepensis, Eucalyptus 
gomphocephala and Acacia cyanophylla trees in the study sites (Cupressus 
sempervirens has been omitted due to insufficient data). 













-17.2 12.8 -51.4 16.8 
Acacia cyanophylla 29.9 14.8 -9.4 69.3 
Eucalyptus 
gomphocephala 
Acacia cyanophylla 47.2* 16.6 3.1 91.3 






The results in Table 3.9 show that although the number of Pinus halepensis trees was 
twice that of Eucalyptus gomphocephala trees, the two species are similar in terms of 
having a high mean coverage in all sites, with about 80 % and 79 % (Dense according 
to the SFRI system (National Committee to Combat Desertification, 1999) for the two 
species respectively. The two other species, Cupressus sempervirens and Acacia 
cyanophylla, also were similar in terms of low mean coverage values (Sparse according 
to the SFRI system) in all sites, with values respectively of about 29 % and 21 %. 
Sometimes the coverage rate overall exceeded 100 % (Very dense according to the 
SFRI system) for some sites, particulary the Got Sultan, Hemre, the Qiqb and the 
Marawah sites. According to Porté et al. (2004), for any area the total canopy cover can 
exceed 100 % because plants can overlap, since it was estimated independently per 
stratum. It is clear that coverage was relatively low at most other sites, probably because 
of exposure of such sites to several fires or felling in the past (Table 3.10 and Figure 
3.10). 
 
Table 3.9 Mean of crown area and crown coverage ha
-1
 with standard error (number of 
sites = 13) for four main species of trees in the study sites. 
Species 
Crown area Crown coverage 
m² % 
Pinus halepensis 11±1.6 80±11 
Eucalyptus gomphocephala 12±1 79±10 
Acacia cyanophylla 6±1 21±4 








Figure 3.10 Photographs showing the difference of density of canopy between (a)  
Eucalyptus gomphocephala trees at the Got Sultan site, and (b) Pinus halepensis and 
Cupressus sempervirens at the Shahat site, where the coverage rate overall exceeded 









Table 3.10 Mean values per site for crown area, crown coverage and relative coverage 
ha
-1
 for four tree species, ordered in the study sites from youngest to oldest sites 
(number of sites = 13). 
Species Sites Crown area Crown coverage Relative 
coverage 
m² % % 
Pinus halepensis Fataeh 6±0.4 46 5 
Madwar Ziton 14±1 85 9 
Ras Helal 6±0.4 19 2 
Kashaf 13±0.9 85 9 
Qiqb 9±0.5 70 7 
Got Sultan 14±0.4 131 14 
Marawah 27±2 157 16 
Kandowla 7±0.6 71 7 
Slanta 10±0.6 80 8 
Rajma 10±0.6 47 5 
Hemre 13±0.8 105 11 
Shahat 9±0.2 67 7 
Eucalyptus 
gomphocephala 
Fataeh 15±0.4 77 16 
Madwar Ziton 12±0.9 93 20 
Qiqb 12±0.7 111 23 
Got Sultan 7±0.3 44 9 
Rajma 11±0.5 59 12 
Shahat 13±1 88 19 
Acacia cyanophylla Madwar Ziton 5±0.6 31 36 
Qiqb 5±0.5 14 17 
Rajma  9±0.5 24 28 
Got Sultan 5±0.5 16 18 
Cupressus 
sempervirens 
Shahat 4±0.2 50 86 
Koof 3±0.3 8 14 
 
In general, the results show a low mean coverage for Acacia cyanophylla in all sites, 
and Cupressus sempervirens trees at one site, although the C. sempervirens trees had a 
medium density at the Shahat site. There is no indication of a trend of canopy coverage 
with age of the site for any species (Figure 3.11), which suggests that trees at these sites 






Figure 3.11 Percentage crown coverage values for (A) Pinus halepensis, (B) Eucalyptus 
gomphocephala and (C) Acacia cyanophylla trees, organised from youngest (left) to 



























































































(C) Acacia cyanophylla 
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Table 3.11 Summary of results of a one-way ANOVA analysis of crown coverage ha
-1
 
for Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla trees in the 
study sites (Cupressus sempervirens has been omitted due to insufficient data). 
Source 






F- value Probability Significance 
Between species 2 11199 5599 5.7 P ≤ 0.05 * 
Within species 19 18632 980    
Total 21 29831     
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
When these data were analysed by a one-factor ANOVA test (Table 3.11) and 
subsequent Scheffé test for comparison of means, the results show that there is a 
statistically significant difference for mean of coverage between trees species overall. 
Comparison of the means (Table 3.12) indicated statistically significant differences 
between Pinus halepensis and Acacia cyanophylla and also between Eucalyptus 
gomphocephala and A. cyanophylla, but not between P. halepensis and E. 
gomphocephala. 
 
Table 3.12 Summary of results of comparisons by Scheffé test following a one-way 
ANOVA analysis for crown coverage ha
-1
 for Pinus halepensis, Eucalyptus 
gomphocephala and Acacia cyanophylla trees in the study sites (Cupressus 
sempervirens has been omitted due to insufficient data). 













Eucalyptus gomphocephala 1.58 14.67 -41.72 44.89 
Acacia cyanophylla 59.00
*





 10.62 21.52 93.31 





3.3 Site quality, assessed by mean annual height increment 
The quality of the site can be assessed by measuring one factor closely related to the 
growth of trees (see chapter four), or by measurement of some of the attributes of trees 
which are related to the quality of the site; here, the growth in height of the trees has 
been selected as the best indicator of site quality. The mean annual height increment is a 
reflection of the impact of environmental factors at the site, which largely control the 
growth. The mean annual height increment was calculated by dividing the value of the 
height of tree by the age of those trees. However, the accuracy of the evaluation may be 
affected by two features; the difficulty of determining the age of the trees, and the early 
grazing affecting the growth of trees, both in eliminating part of the trees or in reducing 
their height (Eldoumi et al., 2002). 
 
Table 3.13 Mean tree height and mean annual height increment m yr
-1
, with standard 
error (number of sites = 13) for four main species of trees in all the study sites. 
Species 




Pinus halepensis 10±1 0.28±0.03 
Eucalyptus gomphocephala 11±1 0.36±0.08 
Acacia cyanophylla 3±0.2 0.10±0.02 
Cupressus sempervirens 7±2 0.09±0.02 
 
In general, the mean annual height increment for Eucalyptus gomphocephala trees in 
the study area was greater than Pinus halepensis, although they are similar in terms of 
average age. This indicates that the conditions of these sites are very suitable for growth 
of the former species. However, there is notable variation in the annual height increment 
in the different sites, especially for E. gomphocephala and to lesser extent for P. 
halepensis, but not for the other two species (Table 3.13). For E. gomphocephala this 
may be related to age, as the greatest rates of increase are in the youngest sites (except 
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for the Shahat site), but the pattern is less clear for P. halepensis and presumably 
reflects other factors as well. 
 
Table 3.14 Mean values per site for tree height and mean annual height increment ha
-1 
for four trees species, organised in the study sites from youngest to oldest sites (number 
of sites = 13). 
Species Sites Height Mean annual height increment 
m m yr-1 
Pinus halepensis Fataeh 6±0.4 0.30±0.02 
Madwar Ziton 10±0.7 0.48±0.04 
Ras Helal 6±0.3 0.18±0.01 
Kashaf 11±0.7 0.34±0.02 
Qiqb 6±0.5 0.18±0.02 
Got Sultan 12±1 0.34±0.03 
Marawah 14±0.5 0.38±0.01 
Kandowla 7±0.6 0.19±0.02 
Slanta 11±0.8 0.30±0.02 
Rajma 7±0.4 0.20±0.01 
Hemre 16±0.8 0.30±0.02 
Shahat 10±0.6 0.12±0.01 
Eucalyptus gomphocephala Fataeh 12±0.4 0.62±0.02 
Madwar Ziton 11±0.6 0.55±0.03 
Qiqb 11±0.6 0.35±0.02 
Got Sultan 6±0.3 0.17±0.01 
Rajma 10±0.3 0.27±0.01 
Shahat 16±0.7 0.20±0.01 
Acacia cyanophylla Madwar Ziton 3±0.3 0.16±0.01 
Qiqb 4±0.4 0.12±0.01 
Rajma  3±0.2 0.10±0.01 
Got Sultan 3±0.2 0.08±0.01 
Cupressus sempervirens Shahat 9±0.6 0.11±0.01 
Koof 6±0.6 0.07±0.01 
 
On the other hand, the Cupressus sempervirens trees are twice the mean tree height of 
the Acacia cyanophylla trees, despite being similar in terms of the mean annual height 
increment (Table 3.13); the observed tree height difference is perhaps due to the large 





In principle, perhaps favorable growth factors at the Madwar Ziton site (with a rate of 
rainfall of 342 mm year
-1
) have led to a higher mean annual height increment for Pinus 
halepensis and Acacia cyanophylla trees than at other sites (Table 3.14 and Figure 
3.12). However, the Madwar Ziton site is still relatively young at 20 years compared to 
other sites, and younger trees achieve a high mean annual height increment, especially 
compared to the mean annual height increment for P. halepensis and Eucalyptus 
gomphocephala trees in the 80-year old the Shahat site, even though it is characterized 
by a relatively high rate of rainfall of 559.3 mm yr
-1
, and anual average minimum air 
temperatures of 16 °C. The mean annual height increment of A. cyanophylla trees may 
not reflect the site quality of the Madwar Ziton, perhaps due mainly to negative human 
activities, like vegetation removal and overgrazing, which has continued over long 
periods of time. 
 
The mean annual height increment for E. gomphocephala and A. cyanophylla trees was 
very low at the Got Sultan site, which at about 1000 ha is the largest site of its kind in 
the study area in terms of area. This low annual height increment may be due to the 
spacing of trees from each other, thus exposing large areas of soil to weather factors that 
may lead to the loss of moisture from the surface layer. It is known that E. 
gomphocephala trees need large quantities of water during transpiration (Zunni and 
Bayoumi, 2006), and with a rainfall of about 351 mm year
-1
 and moderate mean air 
temperatures throughout the year at 20 °C, there may not be enough water available to 
enhance tree growth (Table 3.14 and Figure 3.12). There was little difference in mean 
annual height increment for Cupressus sempervirens trees between the two sites where 
this species occurred, namely the Shahat and the Koof. There was a difference in 
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density, but in general these areas appear to be very appropriate for afforestation by C. 
sempervirens trees, with a high success rate, particulary the Shahat site. 
 
When the annual height increment data were analysed by a one-factor ANOVA test 
(Table 3.15) and subsequent Scheffé test for comparison of means, the results show that 
there is a statistically significant difference of mean annual height increment between 
trees species overall. Comparison of the means (Table 3.16) indicated statistically 
significant differences to be between Eucalyptus gomphocephala and Acacia 
cyanophylla species only. The annual height increment for exotic species reflects the 
impact of environmental factors of a site, and therefore it is possible to identify the 
quality of these sites, where it was observed that the annual height increment for the E. 
gomphocephala is much better compared to the A.cyanophylla, this may indicate a 

















Figure 3.12 Mean annual height increment (in m yr
-1
) for (A) Pinus halepensis, (B) 
Eucalyptus gomphocephala and (C) Acacia cyanophylla trees, organised from youngest 














































































































 (C) Acacia cyanophylla  
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Table 3.15 Summary of results of a one-way ANOVA analysis of mean annual height 
increment ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala and Acacia 
cyanophylla trees in the study sites (Cupressus sempervirens has been omitted due to 
insufficient data). 
Source 






F- value Probability Significance 
Between species 2 0.145 0.073 4.667 P ≤ 0.05 * 
Within species 19 0.295 0.016    
Total 21 0.440     
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 3.16 Summary of results of comparisons by Scheffé test following a one-way 
ANOVA analysis for mean annual height increment ha
-1
 for Pinus halepensis, 
Eucalyptus gomphocephala and Acacia cyanophylla trees in the study sites (Cupressus 
sempervirens has been omitted due to insufficient data). 





95% Confidence Interval 
Lower Bound Upper Bound 
Pinus halepensis 
Eucalyptus gomphocephala -0.08 0.06 -0.24 0.08 
Acacia cyanophylla 0.16 0.07 -0.03 0.35 
Eucalyptus 
gomphocephala 
Acacia cyanophylla 0.24* 0.08 0.03 0.45 













3.4 Relationships between the parameters 
As well as recording the results for the individual parameters separately, it is valuable to 
determine whether they are related to each other by testing for the amount of correlation 
between them. A correlation matrix showing the results of Pearson's correlation 
coefficients for Pinus halepensis is given in Table 3.17. Stocking rate showed no 
significant correlation with any other parameter and neither did the site age. However 
there were significant positive relationships between various parameters of growth, 
illustrated in Figure 3.13, particularly the standing basal area and the trunk diameter 
which was significant at P < 0.001 (Table 3.17). Positive correlation between these 
parameters is not surprising, since they are all indications of the amount of growth of 
the trees and are therefore linked; the fact that mean annual height increment is not 
more correlated with the other growth parameters is probably because it is an average 
value rather than an absolute one, so that the relationship between this parameter and 
the others is less clear. 
 
Table 3.17 Matrix of correlation coefficients (degrees of freedom=10) between the age, 
stocking rate, trunk diameter, tree height, crown area, standing basal area and mean 
annual height increment for Pinus halepensis in the study sites. 
Correlation Age Stocking rate Diameter Height Crown area 
Standing 
basal area 
Stocking rate 0.220      
Diameter 0.404 -0.011     
Height 0.311 0.243 0.639*    
Crown area -0.049 -0.097 0.681* 0.679*   
Standing  basal area 0.502 0.325 0.916*** 0.692* 0.598*  
Mean annual height 
increment 
-0.538 -0.010 0.197 0.514 0.605* 0.132 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 






Figure 3.13 Scatterplots of the significant relationships between (a) Standing basal area 
and crown area, (b) Crown area and mean annual height increment, (c) Standing basal 
area and trunk diameter, (d) Standing basal area and tree height, (e) Crown area and tree 
height, (f) Crown area and trunk diameter, (g) Tree height and trunk diameter for Pinus 









































































































































A similar correlation matrix showing the results of Pearson's correlation coefficients for 
Eucalyptus gomphocephala is given in Table 3.18. Stocking rate showed no significant 
correlation with any other parameter and neither did the crown area. However, there 
were significant positive relationships between various parameters of growth, 
particularly the tree height, trunk diameter and the standing basal area (Table 3.18). Site 
age showed significant correlation with other parameters, namly trunk diameter and 
standing basal area. Similar comments may be made about the relationship between the 
growth parameters as was made for Pinus halepensis. It is, however, interesting that E. 
gomphocephala showed positive correlations between age and some growth parameters, 
while P. halepensis did not. Again, scatterplots for E. gomphocephala showing the 







Table 3.18 Matrix of correlation coefficients (degrees of freedom = 4) between the age, 
stocking rate, trunk diameter, tree height, crown area, standing basal area and mean 
annual height increment for Eucalyptus gomphocephala in the study sites. 
Correlation Age Stocking rate Diameter Height Crown area 
Standing 
basal area 
Stocking rate 0.039      
Diameter 0.827* -0.208     
Height 0.547 0.132 0.793    
Crown area -0.021 -0.054 0.441 0.805   
Standing basal area 0.914* 0.041 0.956** 0.822* 0.368  
Mean annual height 
increment 
-0.693 -0.069 -0.307 0.188 0.702 -0.390 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 
given the result is not significant, P > 0.05. 
 
Figure 3.14 Scatterplots of the significant relationships between (a) Standing basal area 
and tree height, (b) Standing basal area and trunk diameter, (c) Standing basal area and 








































































The correlation coefficients between parameters for Acacia cyanophylla trees (Table 
3.19) show very few significant relationships between parameters, possibly because of 
the smaller number of degrees of freedom (2) for this species because of it occurring in 
fewer sites. The only two significant (P < 0.05) results are both negative relationships, 
between age and both stocking rate and mean annual height increment. Scatterplots of 
these two significant relationships are shown in Figure 3.15. The relationship between 
age and mean annual height increment is expected since older trees do not grow as 
rapidly (through interestingly, it was not significant for Pinus halepensis or Eucalyptus 
gomphocephala); that between age and stocking rate suggests that, for this species, 
older sites have experienced a thinning out of trees, although whether this is due to 
natural or human agencies is unknown. It should be remembered, though, that these 
results are based on just four sites, and Figure 3.15 shows the relationship to be heavily 
dependent on one particular result from one site. 
 
Table 3.19 Matrix of correlation coefficients (degrees of freedom=2) between the age, 
stocking rate, trunk diameter, tree height, crown area, standing basal area and mean 









Stocking rate -0.976*      
Diameter 0.650 -0.605     
Height 0.060 -0.267 -0.316    
Crown area 0.347 -0.401 0.857 0.015   
Standing basal area -0.715 0.772 0.038 -0.551 0.204  
Mean annual height 
increment 
-0.963* 0.882 -0.705 0.209 -0.314 0.564 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 





Figure 3.15 Scatterplots of the significant relationships between: (a) Age and mean 



























































3.5 Natural regeneration versus felling and natural mortality 
Such demographic information from the study sites is summarized in Table 3.20. The 
native species, Pinus halepensis and Cupressus sempervirens, proved capable of natural 
regeneration (around 6 % of trees of both species were seedlings), but the number of 
trees being killed by natural mortality and by felling combined (Figure 3.16) is beyond 
their capacity to be replaced by reproduction (Table 3.20). In contrast, the exotic species 
Eucalyptus gomphocephala and Acacia cyanophylla show limited ability for natural 
regeneration (Table 3.20), perhaps because they are not so adapted to natural conditions 
of the area. These results suggest progressive degradation of vegetation generally, in the 
Jabal Akhdar. However, the most important feature here is not the number of seedlings 
on its own, but whether such seedlings survive to grow to a tree or shrub and overcome 
the various environmental hazards that surround them. It is clear from Figure 3.17 
which illustrates net reproductive success that, for the study area as a whole, none of the 
species has a positive balance of regeneration, but the two introduced species have the 
larger negative balances. 
 
Table 3.20 Summary of data of numbers of regenerating seedlings, felled trees and 
natural mortality of Pinus halepensis, Eucalyptus gomphocephala, Acacia cyanophylla 
and Cupressus sempervirens expressed as number of trees ha
-1
 in the study sites and 
their percentages of the total number of trees of that species, as well as the stocking rate. 
Species 
Stocking rate Seedling ha-1 Natural  mortality ha-1 Felling ha-1 
Stems ha-1 Total % Total % Total % 
Pinus halepensis 8507±60 530±13 6.2±1.9 340±5.2 4.0±1.0 390±5.5 4.6±1.1 
Eucalyptus gomphocephala 4010±64 13±0.9 0.3±0.1 305±12 7.6±2.4 211±11 5.3±1.5 
Acacia cyanophylla 1520±78 12±0.7 0.8±0.3 102±15 6.7±5.7 142±17 9.3±6.4 
Cupressus sempervirens 1625±538 94±28.0 5.8±13 84±28 5.2±0.0 38±12 2.3±0.1 




Figure 3.16 Photographs showing the trees being killed by natural mortality and by 
felling combined  (a) Pinus halepensis  tree at the Fataeh site, (b) Acacia cyanophylla at 
the Rajma site (Photos by the author, July 2008) 
  
 
Figure 3.17 Diagram of the net reproductive success (number of new seedlings minus 
number dying from natural mortality and felling) for Pinus halepensis, Eucalyptus 
gomphocephala, Acacia cyanophylla and Cupressus sempervirens trees ha
-1
 in all the 
study sites put together 
 
 
The situation appears different when considering the regeneration success in the 
different sites individually (Table 3.21) for Pinus halepensis. The percentage of trees 
that are seedlings is very different, ranging from 0.8 % to 18.5 %, and natural and 







































expressed as a regeneration balance (Figure 3.18) some sites are markedly negative, but 
some, particularly the Kashaf, are strongly positive. Clearly these are notable 
differences in the relative balances of new trees and mortality in the various sites. The 
high rates of seedling production and survival perhaps may be due to the low level of 
grazing at these sites, due to the availability of protection for them, especially in the 
Kashaf and the Madwar Ziton sites. 
 
Table 3.21 Summary of data of numbers of regenerating seedlings, felled trees and 
natural mortality of Pinus halepensis together with stocking rate, expressed as number 
of trees ha
-1
 in the study sites and their percentages of the total number of trees. 







-1 Total % Total % Total % 
Fataeh 715 9 1.3 73 10.2 40 5.6 
Madwar Ziton 620 78 12.6 19 3.1 21 3.4 
Ras Helal 292 29 9.9 31 10.6 39 13.4 
Kashaf 672 124 18.5 26 3.9 18 2.7 
Qiqb 740 8 1.1 21 2.8 38 5.1 
Got Sultan 935 28 3.0 16 1.7 8 0.9 
Marawah 582 91 15.6 42 7.2 13 2.2 
Kandowla 1077 121 11.2 36 3.3 18 1.7 
Slanta 787 7 0.9 8 1.0 48 6.1 
Rajma 470 6 1.3 39 8.3 54 11.5 
Hemre 837 23 2.7 21 2.5 72 8.6 
Shahat 780 6 0.8 8 1.0 21 2.7 












Figure 3.18 Diagram of the net reproductive success (number of new seedling minus 
number dying from natural mortality and felling) for Pinus halepensis trees ha
-1
 in the 
study sites separately 
 
 
The sites Fataeh, Rajma and Hemre show the highest percentage of mortality (natural 
mortality and felling of trees), while the number of seedlings was very low (Table 3.21), 
giving the most negative balances of all the sites (Figure 3.18), which indicates there 
will be a sharp decline in Pinus halepensis trees in these sites. 
 
Pearson's correlation coefficients were calculated to examine the relationships between 
the stocking rate, the numbers of seedlings, the felling and the natural mortality. Table 








4 36 67 




































































































Table 3.22 Matrix of correlation coefficients (degrees of freedom=10) between the 
stocking rate, numbers of seedlings, amount of natural mortality and amount of felling 
for Pinus halepensis trees in the study sites. 
Correlation Stocking rate Seedling Natural mortality 
Seedling 0.176   
Natural mortality -0.205 0.095  
Felling -0.206 -0.568 0.062 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 
given the result is not significant, P > 0.05. 
 
In a similar fashion to the results above, the data for the individual sites in which 
Eucalyptus gomphocephala is found are given in Table 3.23, and the net regeneration 
balance is shown in Figure 3.19. In contrast to the situation for Pinus halepensis, the 
total number of seedlings of E. gomphocephala trees at all sites is very low, which 
confirms that this species has not been able to regenerate naturally, and is also subject to 
quite high levels of natural mortality and felling of trees (Table 3.23). All of the sites 
show a negative reproductive balance for this species (Figure 3.19), particularly at the 
Rajma site. 
 
Table 3.23 Summary of data of numbers of regenerating seedlings, felled trees and 
natural mortality of Eucalyptus gomphocephala together with stocking rate, expressed 
as number of trees ha
-1
 in the study sites and their percentages of the total number of 
trees of that species. 







-1 Total % Total Stems ha
-1 Total % 
Fataeh 500 0 0.0 65 13.0 9 1.8 
Madwar Ziton 750 5 0.7 59 7.9 28 3.7 
Qiqb 930 3 0.3 7 0.8 73 7.8 
Got Sultan 610 4 0.7 37 6.1 12 2.0 
Rajma  550 0 0.0 95 17.3 62 11.3 
Shahat 670 1 0.1 42 6.3 27 4.0 




Figure 3.19 Diagram of the net reproductive success (number of new seedling minus 
number dying from natural mortality and felling) for Eucalyptus gomphocephala trees 
ha
-1
 in the study sites separately 
 
 
Table 3.24 Matrix of correlation coefficients (degrees of freedom=4) between the 
stocking rate, numbers of seedlings, amount of natural mortality and amount of felling 
for Eucalyptus gomphocephala trees in the study sites. 
Correlation Stocking rate Seedling Natural mortality 
Seedling 0.579   
Natural mortality -0.763 -0.488  
Felling 0.578 -0.082 -0.130 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 
given the result is not significant, P > 0.05. 
 
 
Pearson's correlation coefficients were calculated to examine the relationships between 
the stocking rate, the number of seedlings, and the felling and the natural mortality for 
Eucalyptus gomphocephala trees. Table 3.24 show that there is no statistically 
significant relationship between any of the variables. Especially in the case of the 
relationship between stocking rate and natural mortality, the lack of significance despite 
a fairly high r-value may be because of the small number of sites and hence small 













































Table 3.25 Summary of data of numbers of regenerating seedlings, felled trees and 
natural mortality of Acacia cyanophylla together with stocking rate, expressed as 
number of trees ha
-1
 in the study sites and their percentages of the total number of trees 
of that species. 








Total % Total Stems ha
-1 
Total % 
Madwar Ziton 610 3 0.5 6 1.0 48 7.9 
Qiqb 310 5 1.6 12 3.9 8 2.6 
Rajma  330 2 0.6 15 4.5 7 2.1 
Got Sultan 270 2 0.7 69 25.6 79 29.3 
Mean 380 3 0.8 26 9 36 10 
 
In a similar fashion to the results above, the data for the individual sites in which Acacia 
cyanophylla is found are given in Table 3.25, and the net regeneration balance is shown 
in Figure 3.20. In contrast to the situation for Pinus halepensis, the total number of 
seedlings of A. cyanophylla trees at all sites is very low, which confirms that this 
species has not been able to regenerate naturally, and is also subject to quite high levels 
of natural mortality and felling of trees (Table 3.25). All of the sites show a negative 
reproductive balance for this species (Figure 3.20), particularly at the Got Sultan site. 
 
Figure 3.20 Diagram of the net reproductive success (number of new seedling minus 
number dying from natural mortality and felling) for Acacia cyanophylla trees ha
-1
 in 










































Pearson's correlation coefficients were calculated to examine the relationships between 
the stocking rate, the numbers of seedling, and the felling and the natural mortality for 
Acacia cyanophylla trees. Table 3.26 show that there is not a statistically significant 
relationship between any of the variables.  
 
Table 3.26 Matrix of correlation coefficients (degrees of freedom=3) between the 
stocking rate, numbers of seedlings, amount of natural mortality and amount of felling 
for Acacia cyanophylla trees in the study sites. 
Correlation Stocking rate Seedling Natural mortality 
Seedling 0.030   
Natural mortality -0.572 -0.484  
Felling 0.089 -0.475 0.761 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. Where no asterisk is 
given the result is not significant, P > 0.05. 
 
Table 3.27 Summary of data of numbers of regenerating seedlings, felled trees and 
natural mortality of Cupressus sempervirens together with stocking rate, expressed as 
number of trees ha
-1
 in the study sites and their percentages of the total number of trees 
of that species. 
Sites 







-1 Total % Total Stems ha
-1 Total % 
Shahat 1350 19 1.4 70 5.2 31 2.3 
Koof 275 75 27.3 14 5.1 7 2.5 
Mean 812.5 47 14 42 5 19 2 
 
The numbers of Cupressus sempervirens seedlings in the Shahat site was very low, and 
there was quite high mortality (Table 3.27); in contrast, however, the situation was the 






Figure 3.21 Diagram of the net reproductive success (number of new seedling minus 
number dying from natural mortality and felling) for Cupressus sempervirens trees ha
-1
 
in the study sites separately 
 
 
To explore further the differences between the tree species in their reproduction and 
mortality, a series of one-factor ANOVA calculations were performed, for seedling 
numbers, natural mortality and felling (respectively Tables 3.28, 3.30 and 3.31), 
together with results of Scheffé test comparison for seedling numbers (Table 3.29). 
 
Table 3.28 Summary of results of a one-way ANOVA analysis of percentage of 
seedling ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla 
trees in the study sites (Cupressus sempervirens has been omitted due to insufficient 
data). 
Source 






F- value Probability Significance 
Between species 2 203 101 4.02 P ≤ 0.05 * 
Within species 19 474 25    
Total 21 677     
 












































Table 3.29 Summary of results of comparisons by Scheffé test following a one-way 
ANOVA analysis for seedling ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala 
and Acacia cyanophylla trees in the study sites (Cupressus sempervirens has been 
omitted due to insufficient data). 












Eucalyptus gomphocephala 6.27* 1.89 1.14 11.39 
Acacia cyanophylla 5.70* 1.90 0.50 10.91 
Eucalyptus 
gomphocephala 
Acacia cyanophylla -0.56 0.28 -1.69 0.57 




The results show that there is a statistically significant difference between the species in 
the number of seedlings which they produce (Table 3.28). To determine the source of 
variation between species, a Scheffé test was used. The results show that there is a 
statistically significant difference between Pinus halepensis and Eucalyptus 
gomphocephala, and also between P. halepensis and Acacia cyanophylla, though not 
between E. gomphocephala and A. cyanophylla (Table 3.29). This means that there are 
differences in the percentage of seedlings produced between the tree species, where the 
native species P. halepensis regenerates significantly better than do the exotic ones. 
 
Table 3.30 Summary of results of a one-way ANOVA analysis of percentage of natural 
mortality ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla 
trees in the study sites (Cupressus sempervirens has been omitted due to insufficient 
data). 
Source 






F- value Probability Significance 
Between species 2 87.6 43.8 1.2 0.32 N.S. 
Within species 19 687.6 36.1    
Total 21 775.3     
 




Table 3.31 Summary of results of a one-way ANOVA analysis of percentage of felling 
ha
-1
 for Pinus halepensis, Eucalyptus gomphocephala and Acacia cyanophylla trees in 
the study sites (Cupressus sempervirens has been omitted due to insufficient data). 
Source 






F- value Probability Significance 
Between species 2 89.0 44.5 1.15 0.33 N.S. 
Within species 19 735.6 38.7    
Total 21 824.7     
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Considering the amount of mortality, there is no statistically significant difference 
between the species in either the natural mortality or the felling mortality (Tables 3.30 
and 3.31 respectively). The percentage of natural mortality and of felling is not 
















3.6 Species Diversity 
As previously stated in the first chapter, the area has had varied methods of afforestation 
in the old and new sites; there has been the ploughing of land and the removal of all 
natural vegetation in most of the old sites for the purpose of afforestation by the native 
or exotic species. There has therefore been significant disruption in the fragile 
ecosystem balance of the Jabal Akhdar is general, even though one of the main purposes 
for afforestation is protection of biodiversity. The question that therefore arises is, what 
are the environmental implications of those practices, and whether there is the return of 
the original vegetation? It is also worth asking what are the effects on the orginal 
vegetation of using native or exotic species in the afforestation, whether in old or new 
sites, by competition or alteration of their environment.  
 
Therefore species diversity, as assessed by the Shannon-Wiener index, has been studied 
at the old and new sites, partly to determine the best sites in terms of biodiversity, and 
also, by performing a T-test on the Shannon index values, to compare between the old 
and new sites. Also, data were analyzed statistically in order to understand the 
correlation between the number of individuals of tree and shrub species and the 
Shannon‟s index (H), as well as the relationship between relative density and Shannon‟s 
index (H) for the four main species; in other words, does an increase in the number of 
individuals mean an increase in biodiversity or not? The effects of exotic species 
compared to native ones have also been explored. 
 
Data on the species records for all recorded species of trees and shrubs against age in 
each sample site are given in Table 3.32, and the results of calculations of species 
diversity by the Shannon-Wiener index for all of the study sites are given in Table 3.33. 
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It can be seen that the best locations in terms of number of species present are the Ras 
Helal and the Koof sites, and this has been confirmed by the Shannon‟s index (H), as 
well as the Species Richness and Evenness measures (Table 3.33). A possible 
interpretation of these results is that these sites did not experience removal of vegetation 
cover for the purpose of reforestation, as was the case with most other sites, which 
makes these sites better in terms of taxa, tree density (see earlier) and biodiversity. In 
addition, the Ras Helal region has been exposed in the past to several fires, which may 
have resulted in reduced competition from the trees and a partial opening of the 
understory shrub community, allowing more plants to enter and thereby increasing 
biodiversity. As can be seen in a scatter diagram (Figure 3.22) there is a linear 
relationship between the number of individuals (trees and shrubs) and the Shannon 
index (H) in the old sites which is highly significant (r = 0.843, p ≤ 0.001). Therefore, 





Table 3.32 Summary of number of individuals for all species of trees and shrubs in the old 
sites (the four main tree species are listed at the top of the table). 









































































1 Pinus halepensis 715 292 935 780 672 620 837 582 740 1077 787 470 
 
2 Cupressus sempervirens 
   
1350 
        
275 





























6 Calicotome rigida 42 794 




7 Ceratonia siliqua 
 
51 
          
18 





        
672 
9 Juniperus phoenicia 
 
412 
          
131 





        
11 Phillyrea angustifolia 
 
5 
          
90 
12 Phlomis floccosa 421 1373 
  
376 
       
85 









14 Rhamnus oleoides 
 
42 
          
102 
15 Sarcopoterium spinosum 863 315 936 214 






16 Viburnum tinus 
            
56 
 
Table 3.33 The total number of taxa and individuals per site, together with mean values for 
species diversity as measured by Shannon‟s (H), evenness, richness measures and site age 










































































Taxa_S 5 12 4 5 5 3 1 1 4 4 2 3 12 
Individuals 2541 5507 2811 3490 1515 1980 837 582 3234 1759 2021 1290 3541 
Shannon_H 1.41 2.05 1.32 1.46 1.35 1.09 0.00 0.00 1.29 1.04 0.67 1.06 1.87 
Evenness_e^H/S 0.82 0.65 0.93 0.86 0.77 1.00 1.00 1.00 0.91 0.70 0.98 0.96 0.54 
Richness 1.61 2.48 1.39 1.61 1.61 1.10 0.00 0.00 1.39 1.39 0.69 1.10 2.48 
Site age 20 33 36 80 33 20 53 36 33 36 36 36 80 
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Figure 3.22 Scatterplot of the relationship between the number of individuals (trees and 




















When performing a similar analysis of the new sites, the best site in terms of number of 
species is the location at the Bu Doraa (Tables 3.34 and 3.35), while the best site in 
terms of the number of individual trees and shrubs and the Shannon index of diversity is 
the Slanta site. The Makele site is shown by the evenness statistic to be the location 
which was least dominated by just one or a few species, perhaps as a result of the lack 
of exposure to random fires, cutting or overgrazing, especially since it is far from 
populated areas (Table 3.35). As can be seen in a scatter diagram (Figure 3.23) there is 
no linear relationship between the number of individuals (trees and shrubs) and the 
Shannon index (H) in the new sites (r = 0.301, p > 0.05). 
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Table 3.34 Summary of number of individuals for all species of trees and shrubs in the 
new sites (the four main tree species are listed at the top of the table). 























































1 Pinus halepensis 967 892 143 1365 742 832 438 785 632 275  




145 312 392 
 
 
3 Eucalyptus gomphocephala 
 
477 213 1075 
 
590 635 689 842 639  




427 219 123 
  
 
5 Anabasis articulata 
          
437 
6 Arbutus pavarii 
    
89 6 
    
 
7 Artemisia herba-alba 7 
  
155 176 
     
 
8 Asparagus aphyllus 21 13 57 
       
 
9 Atriplex halimus 
  
756 
   
674 
 
574 419 384 
10 Calicotome rigida 
     
65 
    
 
11 Casuarina equisetifolia 
         
296  
12 Ceratonia siliqua 
    
356 




13 Euphorbia dendroides 42 89 126 
       
 
14 Choenelea arabica 
          
728 
15 Haloxylon articulatum 
          
284 
16 Juniperus phoenicia 69 32 
 
27 46 
     
 
17 Lycium arabicum 121 58 
        
 
18 Marrubium vulgare 195 78 
        
 
19 Olea europea var. oleaster 9 
  





20 Phillyrea angustifolia 
     
27 
    
 
21 Phlomis floccosa 23 6 143 84 
 
214 
    
 
22 Pituranthos tortuosus 
  
85 
       
684 
23 Retama raetam 
        
436 345  
24 Rhamnus oleoides 85 2 89 213 
 
42 
    
 
25 Sarcopoterium spinosum 
          
486 
26 Satureja thymbra 4 21 
        
 
27 Suaeda pruinosa 23 65 
 
90 
      
 
28 Tamarix passerinoides 




29 Thapsia garganica 
     
9 
    
 
30 Thymus capitatus 
     
29 
    
 
31 Zizyphus lotus 
        




Table 3.35 The total number of taxa and individuals per site, together with mean values 
for  species diversity as measured by Shannon‟s (H), evenness, richness measures and 
























































Taxa_S 14 12 10 8 7 11 5 5 9 6 6 
Individuals 3082 2367 1822 3385 2299 2739 2111 2234 3677 2152 3003 
Shannon_H 1.74 1.62 1.91 1.52 1.63 1.77 1.47 1.45 2.01 1.72 1.74 
Evenness_e^H/S 0.41 0.42 0.67 0.57 0.73 0.53 0.87 0.85 0.83 0.93 0.95 
Richness 2.64 2.48 2.30 2.08 1.95 2.40 1.61 1.61 2.20 1.79 1.79 
Site age 10 10 10 10 10 10 10 10 10 10 10 
 
 
Figure 3.23 Scatterplot of the relationship between the number of individuals (trees and 






















Comparing old and new sites for their species diversity (H') values by a two-sample t-
test (Table 3.36), the results show that the new sites generally have a greater diversity 
than the old sites, possibly because the vegetation is still more open after disturbance, 
and therefore with reduced competition for nutrients and light, or perhaps due to the 




Table 3.36 Results of a Two-Sample T-Test, plus the means and standard error 






T - Value Probabality Significance 
Species diversity of old sites 13 1.12 ±0.17 
14 -3.19 P ≤ 0.01 ** 
Species diversity of new sites 11 1.69 ±0.05 
 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 3.37 Summary of Shannon‟s (H') index and relative density for Pinus halepensis, 
Eucalyptus gomphocephala, Acacia cyanophylla and Cupressus sempervirens trees in 
all the study sites. 
 
The relationship between the Shannon diversity index and the relative density, 
expressed as a percentage of all main trees per site, for each of the four main tree 
species (data in Table 3.37) was explored using Pearson's correlation coefficients. The 
results for Pinus halepensis (Figure 3.24) show that there is a statistically significant 












(%) (%) (%) (%) 
Fataeh 1.41 59 0 41 0 
Ras Helal 2.05 100 0 0 0 
Got Sultan 1.32 50 0 33 18 
Shahat 1.46 28 48 24 0 
Kashaf 1.35 100 0 0 0 
Madwar Ziton 1.09 31 0 38 31 
Hemre 0 100 0 0 0 
Marawah 0 100 0 0 0 
Qiqb 1.29 37 0 47 16 
Kandowla 1.04 100 0 0 0 
Slanta 0.67 100 0 0 0 
Rajma 1.06 36 0 43 21 
Koof 1.87 0 100 0 0 
Makele (New) 1.74 0 0 0 0 
Bu Doraa (New) 1.74 39 33 0 28 
Ali Kalefa (New) 1.62 45 32 24 0 
Nuwar (New) 1.91 25 8 38 30 
Kdeda (New) 1.52 56 0 44 0 
Hemre (New) 1.63 52 48 0 0 
Marawah (New) 1.77 45 0 32 23 
Qiqb (New) 1.47 30 10 44 15 
Kandowla (New) 1.45 41 16 36 6 
Slanta (New) 2.01 34 21 45 0 
Rajma (New) 1.72 30 0 70 0 
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relative density greater than the rest of the species; therefore any increase in the number 
of individuals is likely to lead to a decrease in overall biodiversity because of increased 
dominance by one species. In contrast, there were no significant relationships between 
the Shannon‟s index and relative density of Eucalyptus gomphocephala, Acacia 
cyanophylla or Cupressus sempervirens trees (Figure 3.24). 
 
Figure 3.24 Scatterplots of the relationships between Shannon‟s (H') index and relative 
density in all the study sites for; (a) Pinus halepensis (r = -0.584, df = 22, p = 0.003), (b) 
Acacia cyanophylla, (r = 0.127, df = 22, p = 0.55), (c) Eucalyptus gomphocephala, (r = 















































































The methods that were applied in old sites, such as removal of orginal natural 
vegetation to provide an opportunity for the growth of seedlings used in reforestation 
without the competition of native vegetation, proved negative in terms of biodiversity 
compared to the new sites (without the removal of orginal natural vegetation). In 
addition, most of the biodiversity values found at any of the old sites depended on just 
two sites, the Ras Helal and the Koof; as reported by Zunni (1977) and Eldoumi et al. 
(2002), these sites have not had removal of natural vegetation during the afforestation 
programs, which confirms clearly the non-return of natural vegetation after the process 
of afforestation by the older methods. Table 3.38 demonstrates that it is not the presence 
of the four species of tree used in afforestation which had a negative impact on 
biodiversity, except possibly Pinus halepensis (the most common species) which might 
have some negative impact on biodiversity (Figure 3.24); the shrub clearance during 
afforestation appears to have more of an effect, however. 
 
 It can be seen from Table 3.38 that 9 % of the species are found exclusively in old sites, 
about 53 % from the total list of species are found only in the new sites, and 38 % are 
common to both types of site. As indicated above, the reason for the existence of a 
greater number of species in the new sites is probably because of the different strategies 
for afforestation programs used when the old and new sites were afforested; the 
principal difference being the removal of the natural vegetation before starting 
afforestation programs in the old sites. The species that are found in common in both 
old and new sites are probably widespread and commonly occurring species which are 
likely to be present in almost every available site. However, it is less easy to understand 
why the three species (Cistus parviflorus, Pistacia lentiscus and Viburnum tinus) are 
found only in the old sites; possibly they are most suited to the combination of 
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circumstances, the removal of former vegetation which would reduce competition, but 
then the requirement for enough time for them to become established which they are 
able to do in a cleared area but other species find more difficult. 
 
Table 3.38 Data on the similarities and dissimilarities in species found in old and new 
sites and species common to both types of site. 
Species found exclusively in new 
sites 
Species found exclusively 
in old sites 
Species common to both types of site 
Anabasis articulata Cistus parviflorus Pinus halepensis 
Artemisia herba-alba Pistacia lentiscus Cupressus sempervirens 


















































3.7 Summary of main findings 
The Jabal Akhdar region has been exposed to continuing deterioration for many years 
due to accelerated erosion, which often can lead to desertification (Eldoumi et al., 
2002). This fact shows how important it is to work on the expansion of afforestation, 
particulary in the southern regions of the Jabal Akhdar which are the real front line to 
stop the advance of the manifestations of desertification of the northern part of this 
region. Unfortunately, most of the established plantation forest suffered serious setbacks 
over recent years (Eldoumi et al., 2002), which casts doubt on the success of such 
plantations and their ability to resist the challenges facing them, in addition to their 
expected role of combating and stopping desertification. This chapter has attempted to 
assess whether afforestation using either native or exotic species in the different sites 
was a success or failure, using parameters of density, growth, reproduction, mortality 
and species diversity. Based on this study, the following is a summary of the results 
obtained, which will be discussed in more detail in the general discussion of chapter six: 
 Indicators used, such as measurements of density, showed that Pinus halepensis was the 
most common species in the sampled sites, with the exotic Eucalyptus gomphocephala 
the next most common species overall, and the conditions of sites appeared very 
suitable for growth of Eucalyptus gomphocephala.  
 In contrast, it seems that environmental conditions may be unfavorable for the 
regeneration of exotic species; there was significantly more regeneration of the native 
species than of the exotics. However, most species (native as well as exotic) in most 
sites were not regenerating sufficiently to offset the losses due to mortality; in terms of a 
regeneration balance, some sites are markedly negative, although some, particularly the 
Kashaf, are strongly positive for Pinus halepensis, and also for Cupressus sempervirens 
at the Koof site. For the other two (exotic) species the regeneration balance at all sites 
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was negative. This causes a major obstacle to the sustainability of these forests, and 
may lead to the failure to stop the advance of desertification.  
 The problem of biodiversity was highlighted as one of the complex environmental 
problems facing the study area. There did not appear to be any link between biodiversity 
and whether the dominant trees were native or exotic, but there was greater diversity of 
trees and shrubs generally at the younger sites, while the biodiversity of the old sites 
was generally poorer. Pinus halepensis might be having a negative effect on diversity 
where it is very abundant, but the other species used in afforestation did not have a clear 
impact on biodiversity. It is believed that the principal reason for the differences in 
biodiversity lies in the methods of afforestation in the old sites compared to the newer, 
less destructive, practices. 
 In the past there appears to have been a lack of appropriate management, particularly at 
old sites. There was no thinning done in the sites, and hence any decrease in the stem 
numbers per hectare was because of natural mortality or self-thinning. Mismanagement 
is still going on, in terms of the observed neglect of the process of thinning 
(intermediate cutting) for some sites which could be considered fairly densely stocked, 
such as the Shahat, the Kandowla, the Got Sultan and the Qiqb sites.  
 
The present study reinforces and confirms the risks to areas of afforestation of a clear 
deterioration as a result of years of successive droughts experienced by the region, as 
well as overgrazing, cutting of trees and shrubs, agricultural expansion at the expense of 




4. CHAPTER 4: Environmental factors 
 
4.1 Introduction 
Many studies have focused on the relationship between environmental factors and 
vegetation in arid and semi arid areas (El-Bana et al., 2002; Abd El-Ghani, 2000; El-
Bana and Al Mathnani, 2009; Jafarian et al., 2010). Although such information is 
important for developing plans for the sustainable utilization of natural resources, more 
detailed ecological studies remain rare particularly for the arid and semi arid areas of 
Libya (El-Bana and Al Mathnani, 2009). 
 
Therefore, in this chapter an attempt has been made to focus on the environmental 
factors that could affect the plants in this region, using information on environmental 
factors, both those that have been measured in the study area such as soil depth, angle of 
slope and aspect, or made available from various sources such as mean rainfall or air 
temperature, in addition to the data of elevation above sea level. In the first part of this 
chapter the study sites were analysed according to the effects of soil depth and the 
amount of angle of slope, as well as aspect, on each individual species, with statistical 
analysis using one-way ANOVA, Two-Sample T-Tests and Pearson's correlation 
coefficients. Differences in these parameters between old and new sites have been 
explored, and also whether there is any difference connected with whether the species 
are native or exotic species. In the second part of the chapter, the Pearson's correlation 
coefficients between environmental factors have been calculated, as well as the 
correlation between environmental factors and the stocking rate in all old and new sites; 
also tested are the correlations between the environmental factors and the species 
112 
 
parameters for the trees that were measured in chapter three and between the 
environmental factors and the abundances of the understory shrub species. 
 
4.2 Soil depth 
Soil depth was measured in each plot in all study sites, and was classified according to 
the system of Kosmas et al. (1999), < 15 cm (very shallow), 15-30 cm (shallow), 30-75 
cm (moderate), and >75 m (deep). The mean soil depth for all sites is included in Table 
4.1 under the four main species, Pinus halepensis, Eucalyptus gomphocephala, Acacia 
cyanophylla and Cupressus sempervirens. Most of the soils were found to be placed in 
the category of moderate depth under all four species, irrespective of the age of the site. 
A few sites had deep soils (> 75 cm depth); no soils were observed of < 30 cm depth, 
although in a few sites the depth was not much greater than 30 cm. 
 
There was sometimes considerable variation within one site, a particularly notable case 
being the Kandowla site. Table 4.1 and Figure 4.1 show that the mean depth of soil 
under Pinus halepensis in the new part of the site is three times the mean depth of the 
soil in the old part of the site; the new part therefore has a deep soil, while the old part, 
although it is classified as moderate depth, is close to being categorised as a shallow 
soil. Possibly such a difference in soil depth may be due to the location of the plots on 
different parts of the angle of slope. Data on the depth of soils under Eucalyptus 
gomphocephala are also given in Table 4.1. They also show a large majority of the sites 
have soils of moderate depth (30-75 cm), with one site having soil of more than 75 cm 
depth, and none of less than 30 cm. Similarly, the mean depths of soil under Acacia 




Figure 4.1 Photographs showing the mean depth of soil under Pinus halepensis at the 
Kandowla site: (a) The new part of the site is 100 cm deep; (b) The mean depth of the 









Table 4.1 Soil depth data (cm), under the four main species, Pinus halepensis, 
Eucalyptus gomphocephala, Acacia cyanophylla and Cupressus sempervirens in all (old 
and new) sites. One soil depth was measured in each plot, with three replicate plots in 
each site. According to the classification system of Kosmas et al. (1999) < 15 cm (very 









Fataeh 53 62   
Madwar Ziton 43 53 49  
Ras Helal 40    
Kashaf 45    
Qiqb 40 59 50  
Got Sultan 69 79 69  
Marawah 63    
Kandowla 34    
Slanta 42    
Rajma 35 41 36  
Hemre 50    
Shahat 51 50  40 
Koof    66 
Bu Doraa (New) 43  46 42 
Ali Kalefa (New) 40 40  47 
Kdeda (New) 57 52   
Hemre (New) 43   38 
Marawah (New) 77 66 80  
Kandowla (New) 99   100 
Slanta (New) 34 40  34 
Rajma (New) 32 41   
Qiqb (new)  46 51  
 
 
A comparison was made of the mean soil depth under the four main species in all the 
sites (old and new) by a one-way ANOVA test (Table 4.2). The results show no 
statistically significant difference between means of soil depth under the different 
species in general. A T-test was also used to compare the soil depths under the native 
and exotic species (Table 4.3), and a further set of T-tests to compare between new and 
old sites for all species together and for each species separately (Tables 4.4, 4.5, 4.6 and 
4.7). None of the results for the combined data showed a statistically significant 
difference in soil depth, either between the native and exotic species, or between new 
and old sites.  
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Table 4.2 Summary of results of a one-way ANOVA analysis of soil depth under the 
four main species, Pinus halepensis, Eucalyptus gomphocephala, Cupressus 
sempervirens and Acacia cyanophylla in all the sites (old and new). 
Source 






F- value Probability Significance 
Between species 3 156 52 0.19 0.904 N.S. 
Within species 42 11579 276    
Total 45 11735     
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 4.3 Results from a two-sample t-test comparing mean soil depths under exotic 
trees (Eucalyptus gomphocephala+Acacia cyanophylla) and native trees (Pinus 
halepensis+ Cupressus sempervirens) in all the sites (old and new) combined, together 









Exotic species 19 53.2±3 
43 -0.63 0.531 N.S. 
Native species 27 50.3±3.5 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 4.4 Results from a two-sample t-test comparing mean soil depths for old and new 






T - Value Probabality Significance 
Old sites 12 47.1±3.1 
8 -0.68 0.515 N.S. 
New sites 8 53.1±8.3 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 4.5 Results from a two-sample t-test comparing mean soil depths for old and new 







T - Value Probabality Significance 
Old sites 6 57.3±5.3 
9 1.46 0.177 N.S. 
New sites 6 47.5±4.2 







Table 4.6 Results from a two-sample t-test comparing mean soil depths for old and new 






T - Value Probabality Significance 
Old sites 4 51.0±6.8 
3 -0.64 0.570 N.S. 
New sites 3 59.0±11.0 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant 
 
Table 4.7 Results from a two-sample t-test comparing mean soil depths for old and new 
sites under Cupressus sempervirens trees, together with the means and standard error 






T - Value Probabality Significance 
Old sites 2 53.0±13 
2 0.04 0.968 N.S. 
New sites 5 52.2±12 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant 
 
Generally, the results demonstrate that the soil depth is essentially the same under all 
circumstances within the sampled sites. It had been expected that there would be greater 
soil depth beneath the trees compared with non-planted areas. This was because trees 
provide protection from soil erosion processes, through interception of the rainfall 
(Morgan et al., 1998; Fenli et al., 2002), but this was not found to be the case. Most of 
the sites can be characterized as being of moderate soil depth i.e. soil between 30 and 75 
cm depth (Table 4.1), with a mean soil depth generally of less than 52 cm. This may be 
due to the high susceptibility of the soil to erosion, although this does appear 
inconsistent with the growth of trees, which overall seems to be satisfactory. However, 
especially in the early years after planting, the canopy cover would be incomplete and 






4.3 Angle of slope 
The angle of slope was measured (in degrees from horizontal or percent) in each plot in 
all study sites. A classification of the angle of slope according to the Kosmas et al. 
(1999) system is; < 6º (very gentle to flat), 6-18º (gentle), 18-35º (steep), > 35º (very 
steep). Table 4.8 divides the results according to the tree species under which the angle 
of slope was measured and provides the mean angle of slope value; therefore, there can 
be more than one result per site if more than one tree species occurs. Most of the sites, 
under all four species, would be described as having a gentle slope (between 6 and 18º - 
see Figure 4.2), but some were very gentle (< 6º), and there was one site (the Koof) 
under Cupressus sempervirens which had a steep slope.  
 
Figure 4.2 Photograph showing the Kdeda site (with a northern aspect) illustrating the 








Table 4.8 Angle of slope (in degrees from horizontal or percent) and slope aspect (north 
facing→N and south facing→S) where the angle of slope is classified according to the 
system of Kosmas et al. (1999); < 6º (very gentle to flat), 6-18º (gentle), 18-35º (steep), 
> 35º (very steep); those slopes which fall into one of the categories 6º or higher are 
shown in bold, under the four main species, Pinus halepensis, Eucalyptus 
gomphocephala, Acacia cyanophylla and Cupressus sempervirens in all (old and new) 









Fataeh 3→S 5→N   
Madwar Ziton 12→N 7→N 12→N  
Ras Helal 16→N    
Kashaf 3 →N    
Qiqb 2→N 4→N 2→N  
Got Sultan 2→S 2→S 2→S  
Marawah 7→N    
Kandowla 6→N    
Slanta 3→N    
Rajma 3→S 3→S 4→S  
Hemre 3→S    
Shahat 5→N 6→N  4→N 
Koof    26→N 
Bu Doraa (new) 6→S  9→S 5→S 
Ali Kalefa (new) 3→S 2→S  3→S 
Kdeda (new) 18→N 9→N   
Hemre (new) 4→S   4→S 
Marawah (new) 6→N 8→N 7→N  
Kandowla (new) 9→S   9→S 
Slanta (new) 7→N 6→N  7→N 
Rajma (new) 3→S 3→S   
Qiqb (new)  4→N 3→N  
Makele (new) 1→S 
Nuwar (new) 2 →N 
 
 
The results of a one-way ANOVA test comparing the differences in the mean angle of 
slope under the four tree species (Table 4.9) showed that there is no statistically 
significant difference between these species. The differences in the steepness of the 





Table 4.9 Summary of results of a one-way ANOVA analysis of the angle of slope 
under the four species Pinus halepensis, Eucalyptus gomphocephala, Cupressus 
sempervirens and Acacia cyanophylla in all the study sites. 
Source 






F- value Probability Significance 
Between species 3 52.0 17.3 0.78 0.511 N.S. 
Error 42 931.0 22.2    
Total 45 983.0     
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
A T-test was also used to compare the slope under the native and exotic tree species 
(Table 4.10), and a further set of T-tests to compare between new and old sites for all 
species together and for each species separately (Tables 4.11, 4.12, 4.13, 4.14 and 4.15). 
None of the results for any of the tests showed a statistically significant difference in 
angle of slope, either between the native and exotic species, or between new and old 
sites. The study sites may therefore be considered as having a similar angle of slope 
with respect to each of the variables considered, although clearly there were differences 
between individual sites. 
 
Table 4.10 Results from a two-sample t-test comparing means for the angle of slope 
under exotic trees (Eucalyptus gomphocephala+Acacia cyanophylla) and native trees 
(Pinus halepensis+ Cupressus sempervirens) in all the sites (old and new) combined, 
together with the means and standard error values. 
Species N 




T - Value Probabality Significance 
Exotic species 19 5.16±0.66 
41 -1.17 0.250 N.S. 
Native species 27 6.63±1.1 








Table 4.11 Results from a two-sample t-test comparing means for the angle of slope 
under all four of the main species, Pinus halepensis, Eucalyptus gomphocephala, 
Cupressus sempervirens and Acacia cyanophylla in all the sites (old and new) 
combined, together with the means and standard error values. 
Species N 




T - Value Probabality Significance 
Old sites 24 5.92±1.1 
39 0.16 0.873 N.S. 
New sites 22 6.14±0.75 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S. = Not 
significant. 
 
Table 4.12 Results from a two-sample t-test comparing means for the angle of slope 
under Pinus halepensis trees in all the sites (old and new), together with the means and 
standard error values. 
Species N 




T - Value Probabality Significance 
Old sites 12 5.42±1.3 
13 -0.74 0.473 N.S. 
New sites 8 7.00±1.7 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S. = Not 
significant. 
 
Table 4.13 Results from a two-sample t-test comparing means for the angle of slope 
under Eucalyptus gomphocephala trees in all the sites (old and new), together with the 






T - Value Probabality Significance 
Old sites 6 4.50±0.76 
8 -0.61 0.562 N.S. 
New sites 6 5.33±1.1 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. 
 
Table 4.14 Results from a two-sample t-test comparing means for the angle of slope 
under Acacia cyanophylla trees in all the sites (old and new), together with the means 






T - Value Probabality Significance 
Old sites 4 5.00±2.4 
4 -0.45 0.676 N.S. 
New sites 3 6.33±1.8 





Table 4.15 Results from a two-sample t-test comparing means for the angle of slope 
under Cupressus sempervirens trees in all the sites (old and new), together with the 






T - Value Probabality Significance 
Old sites 2 15.0±11 
1 0.85 0.551 N.S. 
New sites 5 5.60±1.1 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant 
 
Also recorded in Table 4.8 is the orientation of the plots sampled. The sites were 
originally selected without reference to the orientation, and all directions of slope 
existed. Subsequently, records were taken of the slope and orientation. Where the 
potential differences between north and south facing aspects were to be contrasted. 
Therefore, only plots which were of these aspects were included. 
 
 As referred to in Chapter one, in the Mediterranean region sites with southern and 
western aspects will be warmer and have higher evaporation rates and lower water 
storage capacity than those with northern and eastern aspects. Therefore, south facing 
slopes are more likely to create climatic conditions leading to land degradation and 
desertification, and this was the reason for sampling to provide this comparison. 
 
There is a mixture of north and south facing aspects in the present results (Table 4.8), 
and no indication of the four tree species being different in the aspect they are found on. 
However, it is notable that all but two of the results where the angle of slope is greater 
(in bold in Table 4.8) are found on north facing aspects. This difference is not 
confirmed statistically by a t-test, where the angle of slope is compared on north- or 
south-facing aspects (Table 4.16); however, the probability of P = 0.07 indicates that the 
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result is approaching significance, and therefore there is a tendency towards greater 
angle of slope on north facing aspects. 
 
It was also decided to use two sample T-tests to compare the means of the other 
environmental parameters for north facing versus south facing aspects (Table 4.16). The 
results showed no statistically significant difference for any of the parameters. For most 
of the parameters this is perhaps not surprising, as altitude, for example, would not be 
expected to relate to aspect. However, it is interesting that air temperature is not 
different either; perhaps the air temperature data are from too broad an area to give a 
clear difference here, or else the slopes are too gentle for the aspect to have much effect.  
 
Table 4.16 Results from a series of two-sample t-tests comparing the means of several 
environmental parameters between north or south facing aspects, using data from all the 
sites (old and new). 
Sites Degrees of Freedom T - Value Probabality Significance 
Angle of slope 17 1.94 0.070 N.S. 
Soil depth 11 -0.14 0.890 N.S. 
Altitude above sea level 14 0.07 0.944 N.S. 
Rainfall 17 -0.30 0.771 N.S. 
Air temperature 16 -0.01 0.988 N.S. 
Stocking rate 20 0.41 0.685 N.S. 




4.4 Relationships between environmental factors  
Data collected by the author, including the environment factors of soil depth and angle 
of slope, together with parameters of tree growth previously given in chapter three 
(stocking rate, trunk diameter, tree height, crown area, and number of seedlings), along 
with further information on rainfall, altitude above sea level and air temperature 
obtained from other sources, are summarised in Tables 4.18, 4.20 and 4.22 for the three 
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main tree species (Cupressus sempervirens is not included because of limited data), to 
enable comparisons to be made between environmental factors and growth parameters. 
This section will explore the possible relationships between these parameters by using 
correlation coefficients. 
 
Initially, the relationships between the several environmental variables were 
investigated. A correlation matrix (Table 4.17) shows the results of Pearson's correlation 
coefficients between the soil depths, rainfall, altitude above sea level, angle of slope and 
air temperature for all sites combined irrespective of which species the data were 
recorded under. The only significant correlation found was between rainfall and altitude 
above sea level (Figure 4.3). The altitude above sea level has a clear positive 
relationship with an increase in the rainfall, while the rest of the environmental 
parameters do not show any consistent relationship to each other. 
 
Table 4.17 Matrix of correlation coefficients (degree of freedom=21) between the soil 
depth (cm), rainfall (mm yrs
-1
), altitude above sea level (m), angle of slope (degree) and 
air temperature (°C) for all sites combined. 
Correlation Soil depth Rainfall Altitude above sea level Angle of slope 
Rainfall -0.006    
Altitude above sea level -0.031 0.522*   
Angle of slope 0.244 0.290 -0.234  
Air temperature -0.060 -0.206 -0.119 -0.216 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The absence of any 








Figure 4.3 Scatterplot of the relationship between the rainfall and altitude above sea 
























4.4.1 Relationships between environmental factors and tree parameters for Pinus 
halepensis in old sites only 
Comparisons by correlation coefficients between the environmental parameters and tree 
data for Pinus halepensis in old sites are given in Table 4.19. Increasing the mean depth 
of the soil has a significant impact on the tree height and crown area of P. halepensis, 
although an alternative interpretation could be that a greater crown area helps to protect 
the soil from erosion and therefore will tend to increase the soil depth. Table 4.19 shows 
that altitude above sea level has a clear positive effect on the stocking rate of 
P.halepensis while an increased angle of slope has a negative effect on the stocking rate. 
There is also a negative impact of high air temperature on the diameter (Table 4.19) of 






Table 4.18 Mean data for the soil depth, rainfall, altitude above sea level, angle of slope, air temperature and stocking rate for Pinus 
halepensis in all (old and new) sites, and trunk diameter, tree height, crown area and seedling number in the old sites only. (Sites where there 
is not one main tree species, but a mixture, have been omitted). 
Sites 
Environmental factors Tree parameters 
Soil depth Rainfall Altitude above sea level Angle of slope Air temperature Stocking rate Diameter Height Crown area Seedling 
cm mm yr-1 m Degrees (°) °C Stems ha-1 cm m m² 
Total 
numbers 
Fataeh 53 268.5 240 3 20 715 15 6 6 9 
Madwar Ziton 43 342 440 12 21 620 20 10 14 78 
Ras Helal 40 379 83 16 16 292 19 6 6 29 
Kashaf 45 295 457 3 20 672 22 11 13 124 
Qiqb 40 407 709 2 22 740 18 6 9 8 
Got Sultan 69 351 270 2 20.1 935 16 12 14 28 
Marawah 63 268.6 477 7 17 582 37 14 27 91 
Kandowla 34 337 640 6 18 1077 19 7 7 121 
Slanta 42 349 734 3 17 787 29 11 10 7 
Rajma 35 273 260 3 20.1 470 16 7 10 6 
Hemre 50 578 855 3 18 837 27 16 13 23 
Shahat 51 559.3 600 5 16.5 780 27 10 9 6 
Bu Doraa (New) 43 262 397 6 20 967 N/A N/A N/A N/A 
Ali Kalefa (New) 40 262 396 3 20 892 N/A N/A N/A N/A 
Kdeda (New) 57 325 445 18 19.5 1365 N/A N/A N/A N/A 
Hemre (New) 43 578 830 4 18 742 N/A N/A N/A N/A 
Marawah (New) 77 268.6 450 6 17 832 N/A N/A N/A N/A 
Kandowla (New) 99 337 630 9 18 785 N/A N/A N/A N/A 
Slanta (New) 34 349 737 7 17 632 N/A N/A N/A N/A 
Rajma (New) 32 273 265 3 20.1 275 N/A N/A N/A N/A 
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Table 4.19 Matrix of correlation coefficients (degrees of freedom=11) between the 
stocking rate (stems ha
-1
), trunk diameter (cm), tree height (m), crown area (m
2
), and 
seedling numbers comparing with the environmental parameters of soil depth (cm), 
rainfall (mm yrs
-1
), altitude above sea level (m), angle of slope (degree) and air 
temperature (°C) for the Pinus halepensis species in the old sites only. 
Correlation Stocking 
rate 
Trunk diameter Tree height Crown area Number of 
seedlings 
Soil depth 0.184 0.300 0.576* 0.586* -0.060 
Rainfall 0.254 0.226 0.343 -0.188 -0.360 
Altitude above sea level 0.591* 0.487 0.447 0.117 0.042 
Angle of slope -0.575* 0.036 -0.207 -0.020 0.226 
Air temperature 0.122 -0.599* -0.248 -0.062 0.010 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The absence of any 






















Figure 4.4 Scatterplots of the relationships between (a) Soil depth and tree height, (b) 
Soil depth and crown area, (c) Stocking rate and angle of slope, (d) Tree diameter and 
air temperature, (e) Numbers of seedling and altitude above sea level for Pinus 































































































































4.4.2 Relationships between environmental factors and tree parameters for 
Eucalyptus gomphocephala  species in the old sites only 
Similar comparisons for Eucalyptus gomphocephala showed that most of the 
environmental factors did not have a significant impact on tree parameters of E. 
gomphocephala; exceptions were a positive correlation between altitude above sea level 
and the stocking rate, and also a negative correlation between the air temperature and 
trunk diameter (Table 4.21 and Figure 4.5).  
 
Table 4.20 Mean data for the soil depth, rainfall, altitude above sea level, angle of slope, 
air temperature and stocking rate for Eucalyptus gomphocephala in all (old and new) 
sites, and trunk diameter, tree height, crown area,  and number of seedlings in the old 
sites only. (Sites where there is not one main tree species, but a mixture, have been 
omitted). 
Sites 























































































m Degrees (°) °C 
Stems 
ha-1 
cm m m² 
Total 
numbers 
Fataeh 62 268.5 240 5 20 500 31 12 15 0 
Madwar Ziton 53 342 440 7 21 750 19 11 12 5 
Qiqb 59 407 709 4 22 930 26 11 12 3 
Got Sultan 79 273 270 2 20.1 610 20 6 7 4 
Rajma 41 273 260 3 20.1 550 33 10 11 0 
Shahat 50 559.3 600 6 16.5 670 49 16 13 1 
Ali Kalefa (New) 40 262 396 2 20 477 N/A N/A N/A N/A 
Kdeda (New) 52 325 445 9 19.5 1075 N/A N/A N/A N/A 
Marawah (New) 66 268.6 450 8 17 590 N/A N/A N/A N/A 
Qiqb (New) 46 407 710 4 22 635 N/A N/A N/A N/A 
Slanta (New) 40 349 737 6 17 842 N/A N/A N/A N/A 
Rajma (New) 41 273 265 3 20.1 639 N/A N/A N/A N/A 
Mean 52.4 334.0 460.2 4.9 19.6 689.0 29.7 11.0 11.7 2.2 
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Table 4.21 Matrix of correlation coefficients (degrees of freedom = 4) between the 
stocking rate (number of stems ha
-1
), trunk diameter (cm), tree height (m), crown area 
(m
2
) and seedling numbers compared with the environmental parameters of soil depth 
(cm), rainfall (mm yrs
-1
), altitude above sea level (m), angle of slope (degrees) and air 
temperature (°C) for Eucalyptus gomphocephala in the old sites only. 
Correlation Stocking rate Trunk diameter Tree height Crown area Number of 
seedlings 
Soil depth -0.005 -0.505 -0.596 -0.497 0.454 
Rainfall 0.471 0.682 0.773 0.285 -0.014 
Altitude above sea level 0.879* 0.264 0.510 0.208 0.259 
Angle of slope 0.217 0.233 0.729 0.684 0.125 
Air temperature 0.403 -0.843* -0.604 -0.170 0.431 
Significant P- values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The absence of any 
asterisk indicates P > 0.05. 
 
Figure 4.5 Scatterplots of the relationships between (a) Stocking rate and altitude above 
sea level, (b) Air temperature and trunk diameter for Eucalyptus gomphocephala species 























































4.4.3 Relationships between environmental factors and tree parameters for Acacia 
cyanophylla species in old sites only 
When comparing the environmental factors with tree parameters for Acacia cyanophylla 
unexpectedly the results in Table 4.23 showed the angle of slope has had a positive 
effect on the density of this species. The growth parameters, tree height and seedling 
regeneration, are affected positively by altitude above sea level and the seedling 
regeneration is also positively correlated with the air temperature (Table 4.23; Figure 
4.6). 
 
Table 4.22 Mean data for the soil depth, rainfall, altitude above sea level, angle of slope, 
air temperature and stocking rate for Acacia cyanophylla in all (old and new) sites, and 
trunk diameter, tree height, crown area, and number of seedlings in the old sites only. 
(Sites where there is not one main tree species, but a mixture, have been omitted). 
Sites 

























































































°C Stems ha-1 cm m m² 
Total 
numbers 
Madwar Ziton 49 342 440 12 21 610 12 3 5 3 
Qiqb 50 407 709 2 22 310 12 4 5 5 
Rajma 36 273 260 2 20.1 270 15 3 9 2 
Got Sultan 69 351 270 4 20.1 330 13 3 5 2 
Bu Doraa (New) 46 262 397 9 20 692 N/A N/A N/A N/A 
Marawah (New) 80 268.6 450 7 17 427 N/A N/A N/A N/A 
Qiqb (New) 51 407 710 3 22 219 N/A N/A N/A N/A 
Mean 54.4 330.1 462.3 5.6 20.3 408.3 13.0 3.3 6.0 3.0 
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Table 4.23 Matrix of correlation coefficients (degrees of freedom=2) between the 
stocking rate (number of stems ha
-1
), trunk diameter (cm), tree height (m), crown area 
(m
2
),  and seedling numbers comparing with the environmental parameters of soil depth 
(cm), rainfall (mm yrs
-1
), altitude above sea level (m), angle of slope (degree) and air 
temperature (°C) for Acacia cyanophylla in the old sites only. 
Correlation Stocking rate Trunk diameter Tree height Crown area Number of 
seedlings 
Soil depth 0.057             -0.468             -0.049 -0.736             -0.087 
Rainfall 0.101             -0.871              0.773 -0.852              0.815              
Altitude above sea level 0.097             -0.707              0.919* -0.508              0.998**             
Angle of slope 0.992*             -0.495             -0.420 -0.420 -0.099 
Air temperature 0.175             -0.729              0.883 -0.515              0.989*             
Significant P- values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The absence of any 
asterisk indicates P > 0.05. 
 
Figure 4.6 Scatterplots of the relationships between (a) Angle of slope and number of 
seedlings, (b) Air temperature and number of seedlings, (c) Number of seedlings and 
altitude above sea level, (d) Height and altitude above sea level for Acacia cyanophylla 











































































































4.4.4 Relationships between environmental factors and abundance of individual 
shrub species in all sites 
As well as collecting data on the four main tree species, data on the presence and 
abundance of the shrub understory species were collected, as given in Table 3.38. The 
abundance of these species was correlated with the various environmental parameters. 
The results in Table 4.24 show that the age of the site since it was afforested has had a 
negative effect on the number of individuals for Atriplex halimus, and a positive effect 
on the number of individuals for Cistus parviflorus, Phillyrea angustifolia and 
Sarcopoterium spinosum. This suggests that the latter three species have required a long 
time for them to become established following disturbance, while the A. halimus may be 
an early coloniser that is subsequently crowded out by increasing competition. Soil 
depth has had a positive effect on the number of individuals for Olea europea var. 
oleaster. This species requires a certain minimum depth of soil before it grow well, well 
drained soil and a soil depth of at least 1.5 m, as has been reported by Van der Vossen et 
al. (2007). 
 
Rainfall has had a positive effect on the number of individuals for Cistus parviflorus. 
Altitude above sea level has had a negative effect on the number of individuals for 
Calicotome rigida, Juniperus phoenicia and Phlomis floccosa. Angle of slope has had a 
positive effect on the number of individuals for Arbutus pavarii, Calicotome rigida, 
Cistus parviflorus, Juniperus phoenicia, Phillyrea angustifolia, Pistacia lentiscus and 
Rhamnus oleoides. Air temperature has had no effect on the number of individuals for 
any of the shrub species. It is not clear why these various relationships have been found, 
or why more such relationships were not found, without further information about the 





Table 4.24 Matrix of correlation coefficients between the number of individual shrubs (number of stems ha
-1
) comparing with the 
environmental parameters of the age (years), soil depth (cm), rainfall (mm yrs
-1
), altitude above sea level (m), angle of slope (degree) and air 



















































































































































































































Age 0.223 -0.240 -0.245 -0.417* 0.107 -0.160 0.578** -0.271 0.162 -0.361 0.475* 0.041 0.391 -0.051 0.432* -0.264 
Soil depth -0.210 -0.074 -0.207 -0.264 -0.127 -0.196 -0.022 -0.226 -0.123 0.496* 0.287 -0.096 -0.137 0.069 0.193 -0.051 
Rainfall 0.147 0.253 -0.006 -0.115 0.055 0.399 0.412* -0.063 0.166 -0.050 0.360 -0.027 0.202 0.082 0.167 -0.171 
Altitude above sea 
level 
-0.313 0.222 0.057 0.138 -0.424* 0.324 -0.304 0.014 -0.407* 0.133 -0.084 -0.485* -0.292 -0.132 -0.082 -0.121 
Angle of slope 0.476* 0.129 -0.137 -0.241 0.430* 0.007 0.689*** -0.169 0.586** 0.211 0.75*** 0.343 0.624*** 0.576** 0.218 0.169 
Air temperature -0.275 -0.085 0.166 0.389 -0.266 -0.178 -0.291 0.154 -0.250 -0.250 -0.102 -0.226 -0.241 -0.024 0.114 0.016 
 
Significant P- values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. The absence of any asterisk indicates P > 0.05. 
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4.5 Summary of main findings 
In the present chapter an analysis has been performed of the environmental factors that 
are considered closely associated with tree growth such as soil depth, angle of slope, 
aspect, air temperature, rainfall and altitude above level sea. This approach has tried to 
understand better the situation in the study sites, in terms of the causal environmental 
factors affecting the trees and shrubs in the study area. Below is a summary of the 
results obtained, which will be discussed in detail in the general discussion chapter. 
 One of the most basic goals of afforestation is soil conservation by preventing 
erosion, therefore combating desertification. It had been expected that the tree 
species would affect the soil depth, but no significant differences in soil depth 
were found relating to tree species. The results demonstrate that the soil depth is 
essentially the same under all circumstances (at least with respect to the 
parameters tested) within the sampled sites. This may be due to the high 
susceptibility of the soil to erosion, although this does appear inconsistent with 
the growth of trees, which overall seems to be satisfactory. However, especially 
in the early years after planting, the canopy cover would be incomplete and soil 
erosion would be more likely, therefore it may increase the risk of 
desertification. Increasing the mean depth of the soil is significantly correlated 
with growth factors such as the tree height and canopy crown for P. halepensis. 
This is more likely to be because greater soil depth leads to better tree growth, 
but it could be due to greater soil conservation where the canopy coverage is 
more complete. 
 It is clear that besides there being no differences in the mean soil depth, there are 
also no differences in the angle of slope or aspect under the four main species, 
nor between the native and exotic species, or between new and old sites. 
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 Unsurprisingly, the altitude above sea level has a clear positive effect on 
increasing the rainfall, while the rest of the environmental parameters have no 
effect on each other. This might indicate that it could be preferable to 
concentrate afforestation at higher altitudes above sea level. The importance of 
focusing on afforestation at high altitudes above sea level is again emphasised 
by the clear positive effect of altitude on the stocking rate for P. halepensis and 
E. gomphocephala, as well as on the growth factors such as tree height and 
regeneration for A. cyanophylla.  
  Generally, apart from the relationships noted above, only a limited impact of 
environmental factors on parameters of growth was observed. Thus an increased 
angle of slope had a positive effect on the stocking rate for A. cyanophylla, but a 
negative effect on the stocking rate for P. halepensis, and there was a negative 
impact of higher air temperatures on the diameter of the trunk for P. halepensis 
and E. gomphocephala. However, all other relationships of environmental 
factors with the trees were non significant. 
 There were a number of significant relationships between the environmental 
factors and the abundance of the shrub species, particularly the angle of the 
slope which was positively correlated with several species, but also a few 
negative correlations with altitude, individual positive relationships for rainfall 
and soil depth, and some divergent responses of species with respect to site age. 
 
In this chapter the individual factors were studied separately; in the next chapter these 




5. CHAPTER 5: Multivariate statistical analyses of site, 
species and environmental data 
 
5.1 Introduction 
The main purpose of multivariate statistical methods in ecology is to interpret patterns 
in species composition. Multivariate analyses include classificatory methods of cluster 
analysis, where the sites or species will be divided up into a number of groups which 
contain individuals which are reasonably similar to each other but different from the 
individuals in other groups. Sites may be divided up according to the similarities or 
differences in the species that are found in them, while species will be grouped 
according to similarities or differences in the sites where they occur (Digby and 
Kempton, 1987; Lepš and Šmilauer, 1999; Holand, 2006; Oksanen, 2011) 
 
An alternative approach to multivariate analysis is to perform an ordination, or ordering 
of individuals (sites or species) according to their position on one or more axes which 
are derived mathematically from the data, but which are hoped to reflect the most 
important underlying factors which are influencing the data. Such analyses are therefore 
sometimes called factor analyses (Digby and Kempton, 1987; Lepš and Šmilauer, 1999; 
Oksanen, 2011). 
 
In this chapter, both approaches (cluster analysis and factor analysis) have been 
performed in order to explore the data from the study area further, with the aim of trying 
to determine what is influencing the species or differentiating between the sites. The 
137 
 
results of a cluster analysis approach will be considered first, followed by the factor 
analyses. 
 
5.2 Cluster analysis 
Cluster analyses were performed using the MINITAB statistical package, using Ward‟s 
method for calculating dissimilarities. Ward‟s method is the most commonly used. The 
disadvantage with the sampling based method is that there are risks associated with the 
unknown sampling properties of the resulting classification, and there is a risk of bias 
(Higgs, 2002). Following calculation of the hierarchical division into clusters, the 
number of such clusters to use in subsequent analyses was determined using the method 
developed in Hale (1981). Initially, all the sites (old and new) were analysed; 
subsequent analyses considered the old sites and the new sites separately. The data 
values for the environmental variables were then divided up according to where the sites 
occurred in the different resulting groupings, and analysed by ANOVA to determine 
whether the mean values were different in the various groups. Cluster analyses of the 
species occurrences in sites were also performed, for all the data and also separately for 
the data from old and new sites. (See Appendix 3.) 
 
5.2.1 Cluster analysis of all sites 
The results of the cluster analysis of all sites are shown by a dendrogram (Figure 5.1), 
which lists all of the groups and indicates at what level of similarity any two clusters 
were joined. In the dendrogram shown, group A splits into three regional blocks: the 
first group consists of coastal and central old sites; the second group is a mixture of old 
and new sites in both northern and southern locations; and the third group is one north 
eastern coastal site (see Figure 5.2 for their locations). Group B splits into two similar-
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sized blocks (Figure 5.1). Group B1 further splits into two groups; Group 4 consists of 
three new sites and one old site located fairly close together geographically; Group 5 
consists entirely of old sites in the centre of the study area. Group B2 splits into two 
sub-groups, the first (Group 6) is a mixture of old and new sites in the western part of 
the area, and the second (Group 7) includes all new sites, and they are widely scattered 
(see Figure 5.2). 
 
Figure 5.1 A dendrogram for the division of the 24 locations (new and old sites) into 
groups, based on Ward‟s methods of similarity. Letters and numbers are used to help 
refer to the different subgroups in the text. The dashed line denotes the number of 












Figure 5.2 Geographical distribution of site groupings as defined at the 7 group level for the cluster analysis of all (old and new) sites, and the 
6 group level for the cluster analysis of old sites in the study area. The two analyses divide sites into the same groupings, except that in the 
second analysis of just the old sites the group 7 sites are not included (all being new sites): see text for further details. The letter N indicates 




The subdivision into further groups was terminated by using a “stopping rule” or 
criterion for deciding the most helpful termination point. The procedure for this 
stopping rule is illustrated in Figure 5.3 for this set of data, and shows the amount of 
reduction in the similarity index for each successive subdivision of the data into a 
further group. The stopping rule consists of finding the point on the graph which is 
nearest to the origin (representing the best possible compromise between reducing the 
level of dissimilarity without unduly increasing the number of groups), which is best 
performed by calculation (Hale, 1981). For these data, the method indicates that seven 
groups is the most convenient number. 
 
Figure 5.3 Graphical representation of the stopping rule for the classification of all sites 
studied, showing the reduction in the percentage dissimilarity with each division into 
smaller groups. The x-axis is scaled as a percentage of the final number of division 
























From the fact that there is some grouping of sites according to location, it would suggest 
that environmental factors varying with region are responsible for at least some of the 
variation in the results. In order to try to understand better what environmental factors 
might be influencing these divisions into groups, an ANOVA test was used comparing 
the values of the environmental variables in the sites: initially this test was performed 
when the sites were divided into two groups (Table 5.1), in order to try to find which 
factor(s) were responsible for the main division of the sites; and subsequently a similar 
comparison was made between the seven groups indicated by the stopping rule (Table 
5.2). In the first analysis the results showed no significant differences for any variable; 
this would indicate that there is not one overriding factor responsible for the division. In 
the second analysis the only significant difference was between the stocking rate values, 
with Groups 4 and 5 having particularly high values while Groups 2 and 3 had low 
values. This may be due to the different strategies used in afforestation programs in 
various locations. There would appear to be other differences in the mean values, for 
example there are large differences in the mean altitude values in the different groups, 
but they probably are not significant because of large inter-site variation within the 
groups as well as between them. However, it is also possible that the lack of significant 
differences in the environmental factors is because the divisions are based on species 
abundances rather than on these environmental variables directly, and the species might 
vary in abundance for reasons other than response to these environmental variables; for 






Table 5.1 Results of a two-sample t-test, plus the means and standard error comparing the values of the environmental variables between 
the two groups of sites produced by the first division of the classification based on all the sites. 
Variables Group A Group B Degrees of Freedom T - Value Probability Significance 
Soil depth 54.7±5.3 50.1±4.2 11 0.67 0.516 N.S. 
Rainfall 392±45 357±28 9 0.65 0.532 N.S. 
Altitude above sea level 414±108 537±46 6 -1.05 0.334 N.S. 
Angle of slope 9.00±4.0 5.94± 0.78 5 0.75 0.488 N.S. 
Air temperature 19.02±0.9 18.89±0.41 7 0.13 0.900 N.S. 
Stocking rate 538±85 707±56 9 -1.67 0.130 N.S. 
Age 37.5±9.0 24.0±5.1 8 1.30 0.229 N.S. 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not significant. 
 
Table 5.2 Results of an ANOVA test, plus the means for the environmental variables, comparing values between the groups created by the 
classification of all the sites at the seven group level. 
variables Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7 Degrees of 
Freedom 
F - Value Probability Significance 
Soil depth 56 61 40 44 48 63 41 23 1.43   0.259 N.S. 
Rainfall 344 326 379 415 370 309 359 23 0.25   0.953 N.S. 
Altitude above sea 
level 
488 320 83 556 607 445 582 23 1.39   0.274 N.S. 
Angle of slope 3 13 16 5 5 9 4 23 1.88   0.143 N.S. 
Air temperature 19.8 25.5 16.0 18.6 18.3 19.1 20.3 23 1.99   0.124 N.S. 
Stocking rate 665 138   292 786.8 792 699 412 23 3.95   0.012 * 
Age 31.3 40.0 33.0 27.5 39.5 17.2 10.0 23 0.98   0.470 N.S. 




5.2.2 Cluster analysis of old sites 
A cluster analysis was performed for old sites separately in order to try and remove one 
source of variation, so that other effects might be seen more clearly. The results are 
shown by a dendrogram in a similar manner to that in the previous section (Figure 5.4), 
indicating all of the groups and the level of similarity at which any two clusters were 
joined. The graph associated with the stopping rule, which is illustrated in Figure 5.5, 
shows that the point on the graph which is nearest to the origin indicates that six groups 
is the most convenient number. Comparison of the dendrogram from analysis of the old 
sites only (Figure 5.4) with that from analysis of all the sites (Figure 5.1) shows that the 
same grouping patterns are obtained except that the original Group 7, which only 
contained new sites, does not occur in this analysis. The map in Figure 5.2 can therefore 
also be used to illustrate the locations for groups in this analysis (ignoring Group 7). 
 
Figure 5.4 A dendrogram for the division of the 13 locations (old sites) into groups, 
based on Ward‟s methods of similarity. Letters and numbers are used to help refer to the 
different subgroups in the text. The dashed line denotes the number of groups indicated 





Figure 5.5 Graphical representation of the stopping rule for the classification of the old 
sites only. See Figure 5.3 for further details 
 
An ANOVA test was used to compare the environmental variables for the old sites 
when they had been divided into six groups (Table 5.3). The results show that there are 
two statistically significant differences, of mean angle of slope and of the site age. The 
values of the angle of slope are high in Groups 2 and 3 and low in all the others, while 
the average age of sites in Groups 2 and 4 is particularly high and the others are much 
younger. It is clear that these two factors play an important role in determining the 
grouping of the sites. Groups 2, 3 and 4 are thus well differentiated; interestingly, these 
three groups are those which are based on single sites; but it is not so clear what has 
caused the other groups to be separated off as they have been. It is also worth noting 
that the groupings produced are essentially the same in this analysis of the old sites only 
and in the analysis of all the sites; therefore it is the old sites that predominantly are 
























However, when the subset of the old sites only are used, different environmental 
variables are picked out as differentiating the groups; this reinforces the point made 
earlier that the inter-site variability is probably large which prevented variables being 
shown to be significant until some of that variability was removed by not including the 
new sites in this analysis. 
 
Table 5.3 Results of an ANOVA test, plus the means for the environmental variables, 
comparing values between the groups created by the classification of the old sites only 




















Soil depth 55.5 66 40 47 48 42.5 12 0.87 0.544 N.S. 
Rainfall 343.9 596.8 379.0 559.3 369.6 307.5 12 1.84 0.224 N.S. 
Altitude above 
sea level 
488.3 445 83 600 607.3 350 12 1.13 0.425 N.S. 
Angle of slope 3 26 16 5 4.7 6.5 12 18.93 0.001 *** 
Air 
temperature 
19.77 19 16 16.5 18 20.5 12 1.89 0.214 N.S. 
Stocking rate 665 275 292 933 792 555 12 3.38 0.072 N.S. 
Age 31 80 33 80 39.5 28 12 9.73 0.005 ** 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not significan
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5.2.3 Cluster analysis of new sites 
A similar cluster analysis for new sites separately is shown by a dendrogram in Figure 
5.6. Group A on the left of the initial division splits further into two similar-sized 
blocks: the first (Group 1) is from a north easterly location; the second group consists of 
sites from the center of the study area (see Figure 5.7 for their locations). Group B splits 
into two sub-groups: the first of these groups (Group 3) consists of sites which are 
widely scattered; the second group (Group 4) is just one site from the south of the area. 
Figure 5.8 shows that four groups is the most effective point at which to terminate the 
process of division. 
 
Figure 5.6 A dendrogram for the division of the 11 locations (new sites) into groups, 
based on Ward‟s methods of similarity. Letters and numbers are used to help refer to the 
different subgroups in the text. The dashed line denotes the number of groups indicated 







Figure 5.7 Geographical distribution of site groupings as defined at the 4 group level for the cluster analysis of new sites only. The letter N 




Figure 5.8 Graphical representation of the stopping rule for the classification of the new 
sites only. See Figure 5.3 for further details 
 
In the follow-up ANOVA test based on four groups (Table 5.4) a statistically significant 
difference is found between the groups in terms of the means of soil depth, angle of 
slope and air temperature, and stocking rate is close to being significant too. These 
factors contributed to the division of the sites into these groups. It is clear that the one 
site making up Group 4 is quite different from the others, in terms of nearly all the 
parameters and especially angle of slope and air temperature; Group 2 is differentiated 
by the large soil depth and the higher angle of slope; Groups 1 and 3 are not obviously 
different to each other with respect to significant parameters, but are separated by the 
stocking rate. It is notable that a different set of environmental parameters is found to be 
























Table 5.4 Results of an ANOVA test, plus the means for the environmental variables, 
comparing values between the groups created by the classification of new sites only at 












F - Value Probability Significance 
Soil depth 42 76 40.5 56 10 5.37 0.031 * 
Rainfall 367 310 359 55 10 2.39 0.154 N.S. 
Altitude above 
sea level 
541 508 581.5 195 10 0.99 0.453 N.S. 
Angle of slope 4.7 10 4 0 10 5.10 0.035 * 
Air temperature 19 18 20 3 10 15.82 0.002 ** 
Stocking rate 738 795 412 0 10 3.80 0.066 N.S. 
Age N/A N/A N/A N/A N/A N/A N/A N/A 
Significant P-values are indicated as follows: * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, N.S.= Not 
significant. N/A = Not applicable. 
 
 
5.2.4 Cluster analysis of species in all the sites 
An analysis was performed where the species were grouped into clusters on the basis of 
the sites in which they occurred. Figure 5.9 shows the groups produced and indicates at 
what level of similarity any two clusters were joined. The stopping rule (Figure 5.10) 
indicates eight groups should be used. In the dendrogram shown, group A splits into 
four: the first group (Group 1) contains the one principal tree species, the native Pinus 
halepensis; the second group (Group 2) contains one principal tree species, the exotic 
Eucalyptus gomphocephala; also Group 3 consists of just the one species of tree, 
Cupressus sempervirens; the fourth group (Group 4) consists of just one shrub, 
Sarcopoterium spinosum. Group B further splits into four sub-groups: the first group 
(Group 5) is a mixture of one main exotic tree, Acacia cyanophylla, and one shrub, 
Atriplex halimus; the second group (Group 6) contains the shrubs Anabasis articulata, 
Haloxylon articulatum, Choenelea arabica and Pituranthos tortuosus; the third block 
(Group 7) is the biggest group, including a large number of shrubs and trees, namly 
Artemisia herba-alba, Rhamnus oleoides, Ceratonia siliqua, Asparagus aphyllus, 
Satureja thymbra, Thapsia garganica, Thymus capitatus, Phillyrea angustifolia, 
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Viburnum tinus, Euphorbia dendroides, Suaeda pruinosa, Tamarix passerinoides, 
Tamarix passerinoides, Marrubium vulgare, Casuarina equisetifolia, Olea europea var. 
oleaster, Retama raetam and Zizyphus lotus; the final group (Group 8) contains Arbutus 
pavarii, Pistacia lentiscus, Calicotome rigida, Juniperus phoenicia, Cistus parviflorus 
and Phlomis floccosa.  
 
Figure 5.9 A dendrogram for the division of the species (trees and shrubs) into groups, 
based on Ward‟s methods of similarity in all the (new and old) sites. Letters and 
numbers are used to help refer to the different subgroups in the text. The dashed line 
denotes the number of groups indicated by the stopping rule 
 
The results would suggest that the primary factor responsible for these divisions is the 
commonness of the species. Thus, Group A contains the four most common species 
(three of the principal trees and one shrub), while the species in Group 7 are probably 
mainly alike in their rarity, having been recorded only occasionally. This is 
demonstrated by considering how many sites they were found in and the average 
abundance score for the species in each of the groups (Table 5.5). Thus the species in 
Groups 1 to 4 show high but decreasing mean frequencies of occurrence, but all have 
fairly high mean abundance where they found; Groups 5 and 6 have reasonably high 
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mean abundances but fairly low mean frequencies of occurrence (especially Group 6); 
and Groups 7 and 8 have low values and are relatively rare in both distribution and 
abundance. 
 
Table 5.5 Mean frequency of occurrence and mean abundance score per species in each 
of the groups produced by classification of all the (new and old) sites. 
Group Mean frequency of occurrence per species in the group Mean abundance 
1 22 709 
2 14 655 
3 9 519 
4 8 842 
5 7 425 
6 1.25 444 
7 2.5 124 
8 5.0 290 
 
Figure 5.10 Graphical representation of the stopping rule for the classification of the 

























5.2.5 Cluster analysis of species in the old sites only 
An analysis was performed dividing the species into clusters on the basis of where they 
occurred in the old sites only; Figure 5.12 indicates six groups should be used. In the 
dendrogram of this analysis (Figure 5.11), group A splits into two: the first group 
(Group 1) is the one main native tree, Pinus halepensis; the second group (Group 2) is 
one shrub, Sarcopoterium spinosum. Group B further splits into four sub-groups: the 
first group (Group 3) is one main tree, the native Cupressus sempervirens; the second 
group (Group 4) contains the exotic trees Acacia cyanophylla and Eucalyptus 
gomphocephala; the third group (Group 5) contains the trees Ceratonia siliqua and 
Olea europea var. oleaster, and the shrubs Phillyrea angustifolia, Viburnum tinus and 
Rhamnus oleoides; the fourth group (Group 6) is the biggest group, including shrubs 
and trees of Arbutus pavarii, Pistacia lentiscus, Calicotome rigida, Juniperus 
phoenicia, Cistus parviflorus and Phlomis floccosa. 
 
The groups prove to be very similar to those when the species in all the sites are 
included, and a similar interpretation regarding commonness of the species as the 











Figure 5.11 A dendrogram for the division of the species (trees and shrubs) into groups, 
based on Ward‟s methods of similarity, in the old sites only. Letters and numbers are 
used to help refer to the different subgroups in the text. The dashed line denotes the 
number of groups indicated by the stopping rule 
 
 
Table 5.6 Mean frequency of occurrence and mean abundance score per species in each 
of the groups produced by classification of all the old sites only. 
Group Mean frequency of occurrence per species in the group Mean abundance 
1 12 709 
2 7 893 
3 2 813 
4 5 553 
5 1.8 47 







Figure 5.12 Graphical representation of the stopping rule for the classification of species 
in the old sites only. See Figure 5.3 for further details 
 
 
5.2.6 Cluster analysis of species in the new sites 
In order to determine whether there was a difference in the species groupings in the new 
sites, an analysis was performed on the basis of where they occurred in the new sites 
only. Figure 5.13 shows the dendrogram produced, and Figure 5.14 the graph of the 
stopping rule indicating four groups should be used. Group A consists of just one group 
(Group 1) which contains the two principal tree species, the native Pinus halepensis and 
the exotic Eucalyptus gomphocephala. Group B subdivides to produce three groups; 
Group 2 contains the tree species, Cupressus sempervirens, Acacia cyanophylla and 
Olea europea var. oleaster, plus the shrubs Retama raetam, Zizyphus lotus and Atriplex 
halimus; Group 3 contains Anabasis articulata, Sarcopoterium spinosum, Haloxylon 
articulatum, Choenelea arabica and Pituranthos tortuosus; the final group contains 























equisetifolia, Euphorbia dendroides, Choenelea arabica, Lycium arabicum, Marrubium 
vulgare, Satureja thymbra, Suaeda pruinosa, Tamarix passerinoides, Thapsia 
garganica, Thymus capitatus, Arbutus pavarii, Ceratonia siliqua, Juniperus phoenicia, 
Phillyrea angustifolia, Phlomis floccosa and Rhamnus oleoides. 
 
Figure 5.13 A dendrogram for the division of the species (trees and shrubs) into groups, 
based on Ward‟s methods of similarity in the new sites only. Letters and numbers are 
used to help refer to the different subgroups in the text. The dashed line denotes the 
number of groups indicated by the stopping rule 
 
Because of the nature of the sites, the species involved in this analysis are often 
different to those in the previous analysis. However, there has been a similar division 
into the most common trees in Group 1 and quite common species in Groups 2 and 3, 
with Group 4 being the residual group of uncommon species, as demonstrated in Table 
5.7. Therefore, despite the difference in species, the general conclusion as to the reason 
for the groupings is the same as in the previous two analyses. Perhaps the most 
interesting difference between the analyses of the old and new sites is in the position of 
Sarcopoterium spinosum. In the analysis of old sites it is one of the most frequent and 
abundant species, but in the analysis of the new sites it is in Group 3 of the least 
156 
 
frequent species (though fairly abundant where they occur). This suggests that this 
species has not managed to colonise some of these new sites, but in those sites where it 
is found it has spread extensively. 
 
Table 5.7 Mean frequency of occurrence and mean abundance score per species in each 
of the groups produced by classification of all the new sites only. 
Group Mean frequency of occurrence per species in the group Mean abundance 
1 9 680 
2 4.5 385 
3 1.8 519 
4 1.9 140 
 
 
Figure 5.14 Graphical representation of the stopping rule for the classification of species 



























There clearly are differences in the occurrences of species in the sites, related to where 
the sites are located within the study area. Classification of the species highlighted the 
differences in their abundance and frequency of occurrence, but classification of the 
sites emphasised certain of the environmental parameters as important correlates of the 
divisions of sites produced; stocking rate, angle of slope, site age, soil depth and air 
temperature were all picked out as important in at least one of the analyses. The 
following section will seek to explore further the importance of these environmental 
parameters by analysing the data using techniques of factor analysis. 
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5.3 Determination of the most influential environmental parameters by 
factor analysis 
The aim of the present section is to explore the influence of the most important of the 
various environmental parameters on the three main trees species in various sites, 
(Cupressus sempervirens has been omitted due to insufficient data), with a view to 
identifying which are the key parameters in determining success of these species in the 
study area. The analyses were conducted on the data previously given in Tables 4.18, 
4.20 and 4.22; although some of the environmental data (for example, the altitude, 
rainfall and air temperature) would be the same for any site for all the tree species 
present on that site, for other parameters (such as soil depth, Angel of slope) there will 
be different values for each tree species because the data refer to measurements taken at 
the specific locations of particular trees and are then averaged for the data collected 
under each species separately. The focus of the factor analyses is therefore on the key 
factors affecting each tree species separately. The relevant data from both old and new 
sites have been included in each analysis. Although not strictly an environmental 
parameter, the stocking rate (which is subject to human control and is not a measured 
response, and which may affect the response of the other variables) has also been 
included in the analysis as one of the factors which may influence tree growth. 
 
In all cases, the analysis has been performed using the MINITAB statistical package, 
based on Principal Components Analysis to define the axes, using the Varimax rotation 
method. The number of axes to take into consideration when interpreting the results has 
been based on the eigenvalues for each axis when expressed as a percentage of the total 
variance in the data. Results have been illustrated graphically to aid interpretation, by 
means of scatter plots of sites based on axis loadings, and by means of biplots showing 
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the relationship of the individual factors to the two principal axes (Abdi, 2003; Abdi and 
Williams, 2010). 
 
This section is structured according to the analyses of each of the three tree species 
separately, namely P.  halepensis, E. gomphocephala and A. cyanophylla. 
 
5.3.1 Factor analysis of the influence of environmental factors plus stocking rate on 
Pinus halepensis 
When the factor analysis was performed on the data relevant to Pinus halepensis, there 
was a fairly steady decline in the eigenvalues with each successive increase in number 
of components or axes being included (Figure 5.15). Expressing these values as a 
cumulative percentage of the total variance in the data (Table 5.8), it can be seen that 
nearly 75 % of the variation was accounted for by the first three axes, and this number 
of axes was therefore used for interpretation. The percentage of the variation explained 
by the initial eigenvalues is slightly modified by the process of varimax rotation, but 













Figure 5.15 Graphic representation of the eigenvalues obtained by Principal 
Components Analysis of the environmental factors plus stocking rate for the Pinus 















Table 5.8 Initial eigenvalues, including total variance explained, percentage of variance 
and cumulative percentage of the environmental factors plus stocking rate for the Pinus 
halepensis species in all the (old and new) sites. 
Component Initial Eigenvalues 
Total % of Variance Cumulative % 
1 1.870 31.167 31.167 
2 1.433 23.884 55.051 
3 1.190 19.829 74.880 
4 .798 13.298 88.177 
5 .445 7.415 95.592 
6 .264 4.408 100.000 
Extraction Method: Principal Component Analysis.  Rotation Method: Varimax with Kaiser 
Normalization. Rotation converged in 5 iterations. 
 
The factor loadings, which are a simple correlation coefficient between the rotated 
factors or components and the environmental variables, were then calculated for each of 
the variables (Table 5.9). The first factor (accounting for 31.2 % of the total variance) 
has two variables strongly positively correlated with it (p<0.001), altitude above sea 
level and rainfall, and a third variable more weakly (0.10 > p > 0.05) and negatively 
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correlated with it, namely air temperature. This factor therefore seems related to the 
altitude above sea level, which itself will be positively correlated with rainfall and 
negatively correlated with air temperature (see Chapter 4).  
 
Table 5.9 Factor matrix of the factor loadings for each variable on the rotated 
components or factors, for Pinus halepensis in all the sites. (Degrees of Freedom = 18). 
variables Component 
1 2 3 
Soil depth -.070 .399 < 0.10 .641** 
Rainfall .869*** .106 -.071 
Altitude above sea level .883*** -.136 .242 
Angle of slope -.270 .728*** .204 
Air temperature -.422 < 0.10 -.785*** .143 
Stocking rate .165 -.125 .887** 
Statistical levels footnote * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. All other correlations are not significant, 
but < 0.10 indicates a probability approaching significance. 
 
The second factor explains 23.9 % of the variation; the variables most strongly 
correlated with it are the air temperature (negatively), the angle of slope (positively) 
(both p < 0.001) and, to a lesser extent but not quite significantly (0.10 > p > 0.05), the 
soil depth (positively) (Table 5.9). This factor appears to be related to whether sites are 
more hilly (greater slope and deeper soils) or more coastal (higher air temperature, but 
flatter). Apart from the air temperature, this factor is therefore more related to features 
of the terrain and soil, whereas factor 1 is more related to climate. 
 
The third factor, accounting for 19.8 % of the variation, has strong positive correlations 
with two variables, the stocking rate (p < 0.001) and the soil depth (p < 0.01). It is not 
surprising that stocking rate influences the relative abundance of the species; and deeper 
soils have been shown in Chapter 4 to positively influence the growth of this species. 
Therefore this component appears related to factors that specifically increase the 
abundance and growth of the species (stocking rate being the most obvious). 
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Summarising these three factors, therefore, the first may be described as a climate factor 
associated with altitude; the second could be described as a factor associated with how 
hilly the site is; and the third factor focuses on the tree abundance and growth, 
particularly influenced by the stocking rate. 
 
Scatter plots of the sites according to their factor scores for all combinations of these 
three factors are shown in Figure 5.16. Such a diagram makes it possible to look for 
anomalous sites which do not fall within the range -2 to +2 for either axis (McArdle, 
1990). Figure 5.16a in which factor 1 is plotted against factor 2, shows that almost all 
the sites fall within a radius of ±2 from the origin, with the exception of sites, namely 
the Hemre (old + new) which has an axis 1 score of slightly greater than 2, and the Ras 
Helal site with an axis 2 score considerably greater than 2. Table 4.18 (see Chapter 4) 
shows that the Ras Helal site is located at an altitude above sea level of about 83 meters 
(coastal), with air temperature at 16 °C, which represents the lowest value compared 
with the rest of the sites, while the Hemre site is located at an altitude above sea level of 
about 855 m (mountain), which represents the highest value compared with the rest of 
the sites, with rainfall at 578 mm, which represents the second highest value compared 
with the rest of the sites. A similar diagram (Figure 5.16b) comparing factor 1 against 
factor 3 scores of course again shows the same result for the Hemre (old) on axis 1, and 
also picks out the Kdeda (new) site on the factor 3 axis. Previous data tables show that 
the Kdeda site has an abundance of trees, with highest angle of slope, which represents 
the highest value compared with the rest of the sites, (Table 4.18; see Chapter 4). Figure 
5.16c, plotting factor 2 against factor 3, again emphasizes the Ras Helal and the Kdeda 




Figure 5.16 Scatter plot of the relationship of all sites (old and new) with (a) Factors one 
and two, (b) Factors one and three, and (c) factors two and three of environmental 



















When a biplot is produced of the relationship between the environmental variables and 
the site scores on the first two factors (split into its two separate parts in Figure 5.17 in 
order to make it easier to read the variable labels), it becomes even clearer that rainfall 
is the main variable associated with the first factor, while stocking rate is principally 
associated with the second factor; altitude is the third orthogonal factor. Interestingly, 
the variables correlated most with the second principal component (Table 5.9), angle of 












Figure 5.17 Biplot of the relationship between the environmental variables and the site 
scores on the first two factors for the Pinus halepensis species in all the (old and new) 
































5.3.2 Factor analysis of the influence of environmental factors plus stocking rate on 
Eucalyptus gomphocephala 
When the factor analysis was performed on the data relevant to Eucalyptus 
gomphocephala, there was a fairly steady decline in the eigenvalues with each 
successive increase in number of components or axes being included (Figure 5.18). 
Expressing these values as a cumulative percentage of the total variance in the data 
(Table 5.10), it can be seen that nearly 79 % of the variation was accounted for by the 
first three axes, and this number of axes was therefore used for interpretation. The 
percentage of the variation explained by the initial eigenvalues is slightly modified by 
the process of varimax rotation, but this also indicates the first three axes account for 
nearly 79 % of the variation. 
 
Figure 5.18 Graphic representation of the eigenvalues obtained by Principal 
Components Analysis of the environmental factors plus stocking rate for the Eucalyptus 





Table 5.10 Initial eigenvalues, including total variance explained, percentage of 
variance and cumulative percentage of the environmental factors plus stocking rate for 
the Eucalyptus gomphocephala species in all the (old and new) sites. 
Component Initial Eigenvalues 
Total % of Variance Cumulative % 
1 2.413 40.211 40.211 
2 1.264 21.074 61.285 
3 1.038 17.294 78.579 
4 .776 12.929 91.509 
5 .273 4.552 96.061 
6 .236 3.939 100.000 
 
The factor loadings were then calculated for each of the variables (Table 5.11). The first 
factor (accounting for 40.2 % of the total variance) has three variables strongly 
positively correlated with it, altitude above sea level (p < 0.001), stocking rate (p < 
0.001) and rainfall (p < 0.01) and also angle of slope to a lesser (but not significant) 
extent (0.10 > p > 0.05). This factor therefore seems related to the altitude above sea 
level, which itself will be positively correlated with stocking rate and rainfall (see 
Chapter 4). 
 
Table 5.11 Factor matrix of the factor loadings for each variable on the rotated 
components or factors, for Eucalyptus gomphocephala in all the sites. (Degrees of 
Freedom = 10). 
variables 
Component 
1 2 3 
Soil depth -.120 .008 .816** 
Rainfall .723*** -.169 -.347 
Altitude above sea level .848*** -.047 -.311 
Angle of slope .516 < 0.10 -.614* .410 
Air temperature .021 .963*** .105 
Stocking rate .832*** .011 .320 
Statistical levels footnote * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. All other correlations are not significant, 
but < 0.10 indicates a probability approaching significance. 
 
The second factor explains 21.1 % of the variation; the variables most strongly 
correlated with it are the air temperature (positively, p<0.001), and the angle of slope 
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(negatively, p < 0.05) (Table 5.11). This factor may therefore be related to whether a 
site is in the hills or not. 
 
The third factor, accounting for 17.3 % of the variation, has a strong positive correlation 
with the soil depth (p > 0.01); the next highest correlation value, for angle of slope, is 
no significant. This factor is therefore more related to features of the soil depth. 
 
Summarising these three factors, therefore, the first may be described as an altitude 
factor associated with being in the mountain or not; the second could be described as a 
factor associated with the location (whether mountainous or coastal) and particularly its 
effect on air temperature and angle of slope; and the third factor focusses on the soil 
depth. 
 
Scatter plots of the sites according to their factor scores for all combinations of these 
three factors are shown in Figure 5.19. Figure 5.19a in which factor 1 is plotted against 
factor 2, show that almost all the sites fall within a radius of ±2 from the origin (the 
Qiqb site is just at +2 on axis 1), with air temperature at 22 °C, which represents the 
highest value compared with the rest of the sites. A similar diagram (Figure 5.19b) 
comparing factor 1 against factor 3 scores and Figure 5.19c, plotting factor 2 against 








Figure 5.19 Scatter plot of the relationship of all sites (old and new) with (a) Factors one 
and two, (b) Factors one and three, and (c) Factors two and three of environmental 

















When a biplot is produced of the relationship between the environmental variables and 
the site scores on the first two factors (split into its two separate parts in Figure 5.20 in 
order to make it easier to read the variable labels), the rainfall (closely coupled with the 
altitude above sea level) is the main variable associated with the first factor, while air 
temperature is principally (negatively) associated with the second factor and angle of 
slope is somewhat positively associated with it; stocking rate is the third orthogonal 









Figure 5.20 Biplot of the relationship between the environmental variables and the site 
scores on the first two factors for the Eucalyptus gomphocephala species in all the (old 



































5.3.3 Factor analysis of the influence of environmental factors plus stocking rate on 
Acacia cyanophylla 
When the factor analysis was performed on the data relevant to Acacia cyanophylla, 
there was a fairly rapid decline in the eigenvalues with each successive increase in 
number of components or axes being included (Figure 5.21). Expressing these values as 
a cumulative percentage of the total variance in the data (Table 5.12), it can be seen that 
nearly 93.1 % of the variation was accounted for by the first three axes, and this number 
of axes was therefore used for interpretation. The percentage of the variation explained 
by the eigenvalues when modified by the process of varimax rotation still indicated the 
first three axes accounted for nearly 93.1 % of the variation. 
 
Figure 5.21. Graphic representation of the eigenvalues obtained by Principal 
Components Analysis of the environmental factors plus stocking rate for the Acacia 





Table 5.12 Initial eigenvalues, including total variance explained, percentage of 
variance and cumulative percentage of the environmental factors plus stocking rate for 
the Acacia cyanophylla species in all the (old and new) sites. 
Component Initial Eigenvalues 
Total % of Variance Cumulative % 
1 2.995 49.910 49.910 
2 1.492 24.859 74.768 
3 1.098 18.306 93.075 
4 .335 5.582 98.657 
5 .077 1.284 99.941 
6 .004 .059 100.000 
 
When the factor loadings were calculated (Table 5.13), the first factor (accounting for 
nearly 50 % of the total variance) has two variables strongly positively correlated with 
it, altitude above sea level and rainfall (both p < 0.01); the correlation with air 
temperature, although quite strong, is not significant because of the small number of 
degrees of freedom. This factor therefore seems related to the altitude above sea level, 
which as mentioned previously will itself be positively correlated with rainfall (see 
Chapter 4). 
 
Table 5.13 Factor matrix of the factor loadings for each variable on the rotated 
components or factors, for Acacia cyanophylla in all the sites. (Degrees of Freedom = 
5). 
variables Component 
1 2 3 
Soil depth .025 .004 .982*** 
Rainfall .901** -.306 -.124 
Altitude above sea level .905** -.067 .009 
Angle of slope -.106 .965*** .111 
Air temperature .654 -.139 -.713 < 0.10 
Stocking rate -.225 .955*** -.039 
Statistical levels footnote * P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001. All other correlations are not significant, 
but < 0.10 indicates a probability approaching significance. 
 
The second factor explains 25 % of the variation; the variables most strongly correlated 
with it are the angle of slope (positively, p < 0.001), the stocking rate (positively, p < 
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0.001); the next highest correlation with the rainfall (negatively) is not significant 
(Table 5.13). This factor is therefore more related to features of how hilly the sites are 
and initial stocking rate. 
 
The third factor, accounting for 18.2 % of the variation, has a strong positive correlation 
with the soil depth (p < 0.001) and quite a strong negative correlation with the air 
temperature which, however, does not quite reach significance (0.10 > p > 0.05). 
Therefore this component appears primarily related to soil depth, but since the greater 
soil depths are found in the mountains (chapter 4) this explains the relationship also 
with the air temperature. 
 
Summarising these three factors, therefore, the first may be described as an altitude 
factor associated with climate; the second could be described as a factor associated with 
how hilly the site is (the angle of slope), and also the stocking rate; and the third factor 
focusses on the soil depth. 
 
Scatter plots of the sites according to their factor scores for all combinations of these 
three factors are shown in Figure 5.22. Figure 5.22a in which factor 1 is plotted against 
factor 2, show that almost all the sites fall within a radius of ±2 from the origin 
(Madwar Ziton is borderline at about +2 on factor 2) with angle of slope at 12°, which 
represents the highest value compared with the rest of the sites. A similar diagram 
(Figure 5.22b) comparing factor 1 against factor 3 scores shows the Marawah new 
being borderline at about +2 on factor 3, with soil depth at 80 cm, which represents the 
highest value compared with the rest of the sites. Therefore, these two sites are the only 
ones that might be considered as outliers; and together with the Bu Doraa new site are 
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the only ones not quite near the centre of the diagram in Figure 5.22c, based on plotting 
factor 2 against factor 3. 
 
Figure 5.22 Scatter plot of the relationship of all sites (old and new) with (a) Factors one 
and two, (b) Factors one and three, and (c) Factors two and three of environmental 

















When a biplot is produced of the relationship between the environmental variables and 
the site scores on the first two factors (the two parts are overlain in Figure 5.23 because 
there is no difficulty in reading the variable labels), it is clear that altitude and air 
temperature are the main variables associated with the first factor, while angle of slope 
and soil depth are principally associated with the second factor; there virtually is no 















Figure 5.23 Biplot with scatter plot of the relationship between the environmental 
variables and the site scores on the first two factors for the Acacia cyanophylla species 




5.3.4 Comparison of the factors affecting tree species 
Mountains may receive greater rainfall than low lying areas due to the air temperature at 
higer altitudes. The change in the air temperature and distribution of precipitation could 
also induce the observed changes in vegetation types (Hayward and Clarke, 1996; 
Bachele et al., 2001; Lenihan, 2003; Hua, 2004; Gritti et al., 2010 and Environmental 
Change Network, 2011). 
 
It is known that there is relationship between environmental factors such as air 
temperature and rainfall, which is in turn affected by altitude above sea level. Together 




Separate environmental factors should not be studied individually when studying tree 
growth, as the factors may interact and the influences of the other factors may not be 
recognized (Husch et al., 2003). It is important to understand how the growth of forest 
trees is influenced by environmental factors. This knowledge can be used to encourage 
the establishment and growth of desirable species, either by modifying the environment 
or by choosing more suitable sites. On this basis, it is necessary to study the impact of 
these environmental factors combination in an attempt to understand if any of these 
factors had a more important role on the growth, density and distribution of vegetation. 
 
As there was only a small number of environmental factors considered in these analyses 
it is not surprising that those found to influence the three main tree species were often 
the same. However, the different tree species had some differences in which 
environmental parameters are the principal ones correlated with the factors and 
especially factor 1 of the analyses, and therefore having an overriding effect. These 
differences are summarised in Table 5.14 below. 
 
Table 5.14 Summary of differences in the environmental parameters significantly 
correlated with the three factors derived from factor analysis for three main tree species 
in the study area. The symbols + and - indicate positive and negative relationships 
respectively. 
Tree species Factor 1 Factor 2 Factor 3 
Pinus halepensis 
Altitude above sea level & 
Rainfall (+) 
Air temperature (-); Angle 
of slope (+) 




Altitude above sea level, 
Stocking rate &  Rainfall (+) 
Air temperature (+); 
Angle of slope (-) 
Soil depth (+) 
Acacia 
cyanophylla 
Altitude above sea level & 
Rainfall (+) 
Stocking rate  & Angle of 
slope (+) 




Altitude, and its link with air temperature and rainfall, is clearly the overriding 
environmental parameter for all these species, with all three species being positively 
influenced by altitude and rainfall on factor 1. Interestingly, however, while Eucalyptus 
gomphocephala is positively influenced by higher temperatures on factor 2, Pinus 
halepensis is negatively influenced by a higher temperature, while Acacia cyanophylla 
is not quite significantly negatively influenced by this on factor 3 only. This is clearly 
an important consideration with respect to planting of these species in afforestation 
schemes; P. halepensis and possibly A. cyanophylla would be more appropriate at 
higher altitudes, while in respect of air temperature only, E. gomphocephala would do 
best at lower altitude. However, this latter species also responds positively to higher 
rainfall which would be greater at higher altitudes; therefore it is most likely to grow 
well overall at intermediate ranges of these variables. 
 
Table 5.14 emphasises the difference on factor 2 between E. gomphocephala and the 
other two species; in terms of angle of slope; E. gomphocephala is negatively affected 
by this, while the other two are positively influenced by slope. This would again 
indicate that E. gomphocephala would be more suited to the flatter coastal plain, while 
the other species would be better suited to the hills.  
 
Although the importance of factor 3 in explaining the variation is much less, once the 
overriding parameters have been accounted for in factors 1 and 2 the third factor 
emphasises particularly the soil depth as positively influencing all the tree species 




The biplots sometimes give slightly different emphasis to the various parameters, but 
the main conclusions are broadly the same as those from the correlations with the 
principal factors, described above. It may be concluded that the altitude and its 
associated environmental parameters is of overriding importance to these species, and 
this should be taken into account in afforestation programmes. 
 
5.4 Summary of main findings 
In the present chapter the environmental parameters that are important in influencing the 
growth of the main trees has been explored by using Principal Component Analysis, and 
also the possible link between these parameters and the division of sites into groups has 
been investigated with cluster analysis. 
 
Both approaches to analysing the data have indicated environmental factors that vary 
with geographical location are important in influencing the growth of the trees and other 
species. The cluster analysis has divided sites up into groups which are spatially 
clustered; and the factor analysis has particularly emphasised the environmental factors 
associated with being in the hills, as opposed to the coastal area, as being important. 
The environmental parameters found to influence the three main tree species were 
broadly the same. Different parameters were found to be highlighted when analysis the 
clustering of new sites to that for old sites. Species were grouped according to their 
frequency of occurrence and their abundance, but again there were certain differences 
evident for the old compared to the new sites. The results obtained will be discussed 





6. CHAPTER 6: General discussion and conclusion 
 
6.1 Introduction  
In this chapter, a synthesis is presented of the results of the study of different aspects of 
afforestation processes of exotic and native trees species in the Jabal Akhdar area, and 
also of the reciprocal effects of environmental factors and plantation forestry on each 
other, assessed by observations on growth and reproductive success of relevant tree 
species; these results, along with those of the analyses of environmental factors using 
multivariate statistics are discussed in the context of other studies. Introducing tree 
species in order to restore an area can be a crucial step to combat desertification and 
degradation in the Jabal Akhdar (Eldoumi et al., 2002). However, their use in 
restoration needs careful evaluation in order to consider their effects on the ecology of 
the area, particularly in the light of possible risks of using alien species (Ewel and Putz, 
2004). When grown in areas other than their original ones, exotic species (both Acacia 
and Eucalaptus) can induce undesirable changes in community composition and 
ecosystem function (Nel et al., 2004). As well as this, understanding how the plantation 
of the native species P. halepensis and cypress may affect existing species and therefore 
biodiversity in the study area is important. It is also important to evaluate previous and 
current forest policies in terms of the methods which have been used, and the extensive 
use of these species in the study area. This chapter will consider these various themes. 
Finally, suggestions will be made for possible future extension of the work and 




6.2 Comparison of the relative success of native and exotic species 
Over the past decades, although millions of trees have been planted, whether native or 
exotic species, in some cases such plantings have been major failures while sometimes 
planting schemes have been successful in other regions. Degradation is particularly 
likely to occur in Mediterranean arid and semiarid areas because of the environmental 
conditions as well as intense and continued pressure from human occupation (Le 
Houérou, 2000). Consequently, measures to combat desertification have been used, 
including planting trees and shrubs native to the area and therefore adapted to local 
environments (Le Houérou, 2000). Afforestation and reforestation in order to restore 
degraded areas has become increasingly important as a way of protecting soils from 
erosion and improving their fertility (Fernández et al., 2010), and to promote vegetation 
cover establishment (Maestre and Cortina, 2004). Therefore, to help with one outcome 
of the present research, namely to reduce the likelihood of plantation failure, this section 
will explore the relative success of exotic compared to native tree species and therefore 
their role in preventing desertification and enhancing degraded land restoration. In the 
following section, observations on the growth and reproductive success of the relevant 
tree species will be discussed, which will lead to reflections on the role of these species 
in combating desertification. 
 
6.2.1 Growth success of the different tree species  
The first step that could contribute to determine the success of afforestation processes in 
the study area is a consideration of the observations on the growth of species which 




In the present work, the native species Pinus halepensis is overall the most common tree 
species in plantation forests, occurring most frequently and with a high abundance in 
sites where it is present as well. Pinus halepensis has been widely used in afforestation 
projects in the semiarid areas of the Mediterranean Basin (Maestre and Cortina, 2004; 
Gasque and García-Fayos, 2004). That P. halepensis is highly tolerant in such an arid 
climate and harsh ecological conditions can be put down to its drought resistance, even 
though it is sensitive to frosts (Eugenio, 2006; Climent et al. 2011). Despite P. 
halepensis cover being commonly low in semiarid plantations, it may improve soil 
properties over the course of a few years or decades (Maestre and Cortina, 2004). The 
results in the study area show that P. halepensis plants have a mean diameter of 22 cm, 
a standing basal area of 35±6 m² ha
-1
, a percentage of crown coverage of 80±11 %, and 
a mean annual height increment of 0.28±0.03 m yr
-1
 at a final stocking rate of 709 ±60 
stems per hectare. The present results of growth indicators confirmed the success of P. 
halepensis in the study area, and the results of many studies on the growth of P. 
halepensis are compatible with this study (eg. Eugenio, 2006). 
 
 The second native species found in the plantation forests in the study area is Cupressus 
sempervirens, although it is less common than P. halepensis. Interestingly, there is a 
clear contrast in density, therefore success, of this species between the only two sites 
where the species was found (1350±6 stems ha
-1
 in the Shahat site and 275±5 stems ha
-1
 
in the Koof site). This species is important for afforestation and forestry all around the 
Mediterranean region, and grows under various Mediterranean climates (Emberger et 
al., 1963; Papageorgiou et al., 1994). Cupressus sempervirens was ranked second in 
terms of the standing basal area in the study area, with 46±43 m² ha
-1
, a mean diameter 
of 20±8 cm, a percentage of crown coverage of 29±21 %, and a mean annual height 
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increment of 0.09±0.02 m yr
-1
. It therefore is slower growing than P. halepensis and has 
a smaller percentage of ground covered by its canopy; since the trees have a larger basal 
area, they must be older than those of P. halepensis. Interestingly, despite the success 
achieved in the growth of this species, particularly in valley areas, its use as a plantation 
species has been very limited in the study area. 
 
The exotic Eucalyptus gomphocephala is the second most common species over the 
whole study area, this exotic species therefore appears to be quite successful. The 
relevant results for E. gomphocephala show it had a diameter of 29±5 cm and a mean 
basal area of 52±16 cm in the study area, which are both greater values than plantation 
P. halepensis. In the present study, E. gomphocephala had a mean percentage of crown 
coverage of 79±10 % (P. halepensis and E. gomphocephala trees were similar in having 
a dense coverage), and a mean annual height increment of 0.36±0.08 m yr
-1 
at a final 
stocking rate of 668±64 stems per hectare. All these parameter values indicate why this 
exotic species is popular in forestry plantations as it can outgrow the native P. 
halepensis. As the standing basal area can be thought of as a measure of competition 
between tree species (number of standing trees), it is often the basis for making 
important forest management decisions (Elledge and Barlow, 2010). The consequence 
of the growth success of E. gomphocephala may be that other species are adversely 
affected.  
 
The results of the present study agree with similar results by Brack (2002), who found 
that the exotic species Acacia cyanophylla has a low percentage frequency of 
occurrence; the results for this species in the present study also gave it the lowest results 
for the growth parameters of any of the four main tree species, with a mean diameter of 
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13±0.7 cm, a standing basal area of 5±0.6 m² ha
-1
, a percentage of crown coverage of 
21±4 % (C. sempervirens and A. cyanophylla are similar in terms of having sparse 
coverage values), and a mean annual height increment of 0.10±0.02 m yr
-1
 at a final 
stocking rate of 380±78 stems per hectare. Comparing this species with the other 
species, therefore, the growth success of this species is also low as well as its frequency 
of occurrence and abundance. Interestingly, despite the success achieved in the growth 
of this species elsewhere, especially in western Libya, its success in the study area was 
not good. Therefore, on the basis of these results on tree growth only, three of the four 
species would appear to be potentially suitable for use in future plantations, but not 
Acacia cyanophylla.  
  
6.2.2 Regeneration success of the different tree species 
The native species, Pinus halepensis and Cupressus sempervirens, proved capable of 
natural regeneration, but the number of trees being killed by natural mortality and by 
felling is beyond their capacity to be replaced by reproduction in most sites. Trees have 
been cut down to clear space for land cultivation, or for people to use the wood for fuel 
for centuries (Eldoumi et al., 2002). Felling is the number or volume of trees felled, 
whether or not removed from the forests. A felling may be light, medium, or heavy and 
may occur at any time during any given period (Husch et al., 2003). Deterioration of 
vegetation (devegetation) is considered as one of the desertification manifestations in 
the Jabal Akhdar. In contrast, the exotic species Eucalyptus gomphocephala and Acacia 
cyanophylla showed limited ability for natural regeneration, perhaps because they are 





These results are similar to those of a study by Eldoumi et al. (2002) on regeneration of 
P. halepensis, C. sempervirens, A. cyanophylla and E. gomphocephala in the Jabal 
Akhdar, who found that the regeneration was good for the native species, Pinus 
halepensis and Cupressus sempervirens, while it was very low for the exotic species 
Eucalyptus gomphocephala and Acacia cyanophylla.  
 
Natural regeneration can be by both seed and vegetative reproduction. Many species of 
tree combine both types of regeneration in their reproduction (Virginia Department of 
Forestry, 1997). The success of regeneration not only involves an increase of 
reproduction rate but depends on the survival of saplings (Lloyd, 1998). Another 
problem is the overgrazing of young saplings which leads to the ageing of the tree 
population, which impedes the natural reproduction of trees (Malagnoux et al., 2007). 
Moderate level of livestock grazing did not hinder the regeneration process through 
consumption of seeds and saplings (Zida, 2007). According to Pase (1969), the crucial 
factor affecting seedling survival in drylands is the availability of moisture. Resistance 
to drought is crucial for seedling establishment in arid and semi- arid environments 
(Trubat et al., 2011). Some studies show that high natural seedling mortality in 
climatically extreme areas might constitute the crucial obstacle to the advance of the 
timberline (Lloyd, 1998), and influence the structure and function of forest ecosystems 
(Denslow et al., 1998). Over-mature trees progressively become less able to resist 
climatic stress, so that one climatic event can destroy a whole area of forest (Malagnoux 
et al., 2007).  
 
In general, canopy gaps which are created by death and/or felling of trees would be 
likely to result in greater diversity and abundance; this is because of reduced 
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competition for water and nutrients, and also an increase in the availability of light 
(Frost et al., 1986). The availability of nutrients, in addition to water, is a major factor 
controlling reforestation success in degraded Mediterranean forests (Valdecantos et al., 
2006; Vicente et al., 2010). The emergence and survival of saplings will be greater 
when the number and size of shading gaps is greater, particularly where the limiting 
factors to growth are light and temperature (Vandenberghe et al., 2006). 
 
Eldoumi et al, (2002) have pointed out that overgrazing leads to deterioration of the 
vegetation of forest land, especially in drought years when the flocks of sheep and goats 
are concentrated in the forest lands and destroy the natural regeneration; the trees would 
be especially vulnerable to this in their seedling stage. In northern Africa, soil 
degradation resulting from overgrazing represents about 68 % of the total, followed by 
overcultivation at 21 % (El-Tantawi, 2005). Natural regeneration may sometimes be 
limited anyway, for example where there are frequent fires or if the ground slopes 
steeply (Tsitsoni, 1997; Goudelis et al., 2007), and pine plantations are prone to high 
fire frequencies (Agee et al., 2000). Frequent fires can usually make the soil conditions 
less favourable for seed germination and seedling establishment (Goudelis et al., 2007). 
Such frequent fires happen in widespread areas, and have occurred many times on the 
slopes of the Ras Helal site (1923, 1956, 1987, 2001) (Eldoumi et al., 2002). As well as 
this, both lack of water and light interception by the canopy of P. halepensis have been 
suggested as main controlling factors of seedling emergence (Izhaki et al., 2000; 
García-Fayos and Gasque, 2006).  
 
It is clear that reduction of the regeneration directly threatens efforts for successful 
reforestation programs, and thus reduces the possibility of combating desertification. 
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Overall, it could be concluded that native species are better than exotic ones for 
achieving a sustainable forest system, and that management of sites to prevent 
destruction of seedlings is crucial for preventing degradation and desertification. 
 
6.3 Diversity 
The Jabal Akhdar has had varied methods of afforestation in the old and new sites since 
the begining of afforestation programs; there has been the clearance of land and the 
removal of all natural vegetation in most of the old sites for the purpose of afforestation 
by introducing the (native or exotic) species. One of the main reasons for such practices 
is a pretext to give a better chance of seedling growth free from the competition of types 
of natural shrubs. In that respect, preparing the site by both removing the existing 
vegetation and soil preparation may be particularly important to reduce competition for 
water and nutrients so that the planted seedlings are more likely to survive (Fleming et 
al., 1996; Ashby, 1997). 
 
Although the possibility that invasive species may adversely affect existing ecological 
communities is well known, very few researchers have explored why only some 
invaders have large impacts (Vitousek et al., 1997; Mack et al., 2000; Levine et al., 
2003). Trees modify microclimatic conditions through affecting rainfall interception and 
canopies, amongst others (Breshears et al., 1998). Therefore, trees can have both 
positive and negative effects on shrubs; negative effects could be due to a reduction in 
available soil moisture because of a loss of rainwater which has been intercepted by the 
tree canopies and also through below ground competition from tree roots (Barnes and 
Archer, 1999). In contrast, tree canopies would reduce high light intensities, which may 
have the positive effects of decreasing temperatures and therefore reducing transpiration 
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losses from the leaves, increasing the water available in the soil, and therefore 
preventing reduced photosynthesis because of drought (Valladares and Pearcy, 1997; 
Breshears et al., 1998). The present results show that the new sites generally have a 
greater diversity than the old sites, presumably because the vegetation is still more open 
after disturbance, or perhaps due to the new sites not having suffered removal of the 
natural vegetation during reforestation. However, the difference might be because of 
greater competition for nutrients and light from the mature trees acting to prevent the 
growth of other species in the old sites. Despite these possible alternative explanations, 
the most likely interpretation is the negative impact of the practices of clearance 
previously used in afforestation on the ecology, and the poor return of the original 
vegetation after such practices. 
 
It is also worth exploring the effects on the original vegetation (trees and shrubs) of 
using native or exotic species in the afforestation, through competition or alteration of 
their environment. A biodiversity decrease due to Eucalyptus plantations is a common 
phenomenon (Eldoumi et al., 2002). The consequences of a Eucalyptus-caused 
biodiversity decrease are aggravated soil erosion and land degradation, ecological 
environment deterioration, poor ecological stability and so on (Eldoumi et al., 2002). 
The effects of Eucalyptus spp. on understory species are very dependent on climate 
(Palmberg, 2002). Most of these effects are due to competition for water; effects due to 
light reduction are probably minor compared to those of Pinus spp., due to the limited 
shade provided by the foliage of Eucalyptus spp. (Palmberg, 2002). There is evidence 
from laboratory studies that a few species of eucalypts produce allelopathic chemicals 
that inhibit germination and reduce the growth of other plants. These consequences may 
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influence choice of species, particularly where the purpose of afforestation includes 
potential erosion control or grazing (Palmberg, 2002). 
 
The present study, however, found no evidence of a negative impact on biodiversity of 
the presence of the four species of tree used in afforestation, except possibly Pinus 
halepensis (the most common species) which might have some negative impact on 
biodiversity, maybe due to canopy cover. The effect of P. halepensis plantations on 
other species is debatable (Maestre and Cortina, 2004). In the present work, P. 
halepensis plantations were found to be linked to a decrease in the number, and the 
perennial density, of the understory species. The present results agree with Bellot et al., 
(2004) working in similar conditions in a Mediterranean semiarid area, who found that 
afforestation with P. halepensis had a negative effect on soil moisture (an effect that 
increased with tree density), which thus had a negative effect on existing late-
successional shrubs. 
  
Generally, therefore, it may be concluded that biological diversity is not in great risk as 
a result of the main four tree species, but there may be risks in terms of the previous 
methods of afforestation, which may lead to more desertification creep. 
 
6.4 Environmental factors influencing the growth of trees 
Multivariate analysis (cluster analysis) has been used to group individual sites or 
species (predominantly linked to geographical location), which could be a reflection of 
the most important underlying factors which are influencing the data of sites or species. 
The sites or species have been divided up into a number of groups which contain 
individuals which are reasonably similar to each other but different from the individuals 
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in other groups. Classification of the sites emphasised certain of the environmental 
parameters as important in dividing up the sites; stocking rate, angle of slope, site age, 
soil depth and air temperature were all picked out as important in at least one of the 
analyses. Many studies, e.g. El-Bana et al. (2002), Ringrose et al. (2003) and Akbar et 
al. (2009) have indicated that the species distribution reflects the effects of several 
factors at different scales, and climate, topography and soil are all thought to influence 
plant distribution at a regional scale. 
 
In the present work, multivariate analysis (factor analysis) has been used to explore the 
influence of the various environmental parameters on the measures of growth of the 
three main tree species, with a view to identifying which are the key parameters in 
determining growth success of these species in the study area. The factor analysis 
produced (for all these species) a first factor associated with altitude above sea level and 
rainfall and in one case with stocking rate. The second factor was associated (positively 
or negatively) with air temperature and angle of slope. The third factor was associated 
(positively) with soil depth and in one case with stocking rate. It may therefore be 
concluded that the altitude and its associated environmental parameters is of overriding 
importance to these species, with factors such as angle of slope, soil depth and stocking 
rate being of some but lesser importance. The importance of altitude should be taken 
into account in afforestation programmes. 
 
According to Eldoumi et al. (2002), the topography of the Jabal Akhdar region includes 
three levels which differ among themselves in climate, represented by the first level 
(coastal) which is flat and has a Mediterranean climate; the second level which is 
moderate and the level third of the mountain, which has a maximum altitude of 882 
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meters above sea level, characterized by a cold climate in winter, but which is hot in 
most of the summer. These differences of climate and terrain have been reflected in the 
types and characteristics of the natural vegetation in these areas, in terms of creating 
communities with a high density, with closed canopy crowns, as outlined for the four 
forest types in chapter 1.  
 
The results of current study showed, while A. cyanophylla is not quite significantly 
negatively influenced by higher temperatures, E. gomphocephala is positively 
influenced by higher temperatures and P. halepensis is negatively influenced by a 
higher temperature. The three main species are all positively influenced by the rainfall. 
In this context, Fady et al. (2003) said that P. halepensis is well adapted to droughts and 
can survive with an annual precipitation as low as 150 mm. Optimal development of P. 
halepensis forests occurs where the annual rainfall lies between 350–700 mm and where 
there is an absolute mean minimum air temperature of between –2 and +10 °C (arid, 
semi-arid and sub-humid bioclimates) (Fady et al., 2003). Pinus species generally 
dominate in more severe colder and drier environments (Urbieta et al., 2011). 
Eucalyptus is reported to grow well at an annual average air temperature of between 16 
to 18 °C, where there are six dry summer months (Duke, 1983). The tree is tolerant of 
drought, and also this species is one of the best for planting in areas where the rainfall is 
concentrated in the winter months, with an annual rainfall of 700–1000 mm (Zunni and 
Bayoumi, 2006). Acacia is found where there is a mean annual rainfall of 300 to 1,000 
mm (NFTH, 1992), and suitable air temperature ranges for the species are 15 to 20 
o
C 




These figures for temperature ranges for the three species match up with their response 
to temperature indicated by the factor analyses, with the species being able to be put 
into a sequence from cooler to hotter of P. halepensis, A. Cyanophylla and E. 
gomphocephala. This would therefore also correspond to their preferred altitudes, from 
higher mountain to coastal respectively, and probably accounts for much of the 
geographic division of sites according to region in the cluster analyses. 
 
The results of the current study showed the second and third factors emphasising 
particularly the angle of slope and soil depth as (positively or negatively) influencing all 
the tree species. As reported in chapter one, the soil is particularly important especially 
in its effects on plants in semi-arid and dry sub-humid zones. In the semi-arid and the 
sub-humid zones, if the soil depth is insufficient to maintain a minimum vegetation 
cover, irreversible desertification will occur (Kosmas et al., 1998). Causes of increasing 
loss of topsoil in arid and semiarid areas are mainly human activities including the 
removal of protective vegetation cover by overgrazing and poor management (Peng et 
al., 2004). In arid regions when vegetation is not degraded, and with vegetation cover of 
20 to 40 %, this is enough to protect the soil surface from erosion (Le Houérou, 1977). 
In addition, slope angle and generally topography are undoubtedly important 
determinants of soil erosion, and therefore have an important influence on trees.  
 
The results of this study are very useful to confirm the importance of selecting 
appropriate locations for each tree species, including height above sea level (in the 
mountains, on the slopes, or coastal), appropriate corresponding air temperatures, 
amounts of rain necessary for the species, and effective depth of soil, before begining 
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the afforestation processes, to ensure the success of these programs in the fight against 
desertification. 
 
In the light of the results from both chapters 4 and 5, the preferred environmental 
conditions in which to grow each species in the Jabal Akhdar would be: 
 Pinus halepensis: Best grown at higher altitudes where the rainfall is higher and 
temperature lower, on steeper slopes and deeper soil. 
 Eucalyptus gomphocephala: This species is positively affected by greater 
rainfall, but appears not to favour either of the extremes of altitude in this region 
because it is also favoured by higher temperatures, and therefore its position is 
more located in the middle of the range where these opposing factors are both 
satisfactory; it is favoured by deeper soil, but grows better on flatter land. 
 Acacia cyanophylla: While it can grow at higher altitudes and is positively 
influenced by greater rainfall, it is able to cope better with the cooler and drier 
conditions of the hilly areas; it can grow on steeper slopes, and is favoured by 
deeper soils. 
 Cupressus sempervirens: There is insufficient data to be able to indicate the best 
conditions for this species, but of the two locations where it was recorded, one in 
a valley and one in the mountains, it was growing more successfully in the 
second site. 
 
6.5 Implications of the results for afforestation programmes and forest 
management to prevent desertification  
In North Africa the green belts may have a role to combat desertification, through 
creation of improved soil conditions and through wider use of local environmental 
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regulations. One of the criteria to assess such proposals is the implications for the 
environment of afforestation (Bugi, 1991). The next section explores the influence of 
the main tree species on the environmental parameters, particularly protection of soil 
from erosion, and the subsequent section will discuss the management practices 
required in afforestation programmes, which aim to stop degradation and prevent 
desertification. 
 
6.5.1 Implications of the results for afforestation programmes on environmental 
parameters 
Climate, vegetation, soil properties and topography are clearly important factors 
controlling soil erosion (Montanarella, 2003; Grazhdani et al., 2007). According to 
Vågen et al. (2005), plants can strongly modify soil properties, but species differ in how 
much they do this. Also, the abundance and growth rate will affect the impact of a 
particular plant species (Jones et al., 1994). The soil properties of drylands can change 
rapidly (Hibbard et al., 2001).  
 
Observational studies should help identify the effect of P. halepensis plantations on 
ecosystem processes in the Mediterranean (Maestre and Cortina, 2004). Some such 
studies have indicated that P. halepensis has the effect of improving soil properties 
(Cerdá, 1998). In contrast, plantations of P. halepensis in the semi arid areas of the 
Mediterranean basin often show enhanced runoff and soil losses, when compared to 
natural forest (Maestre and Cortina, 2004). The present results failed to demonstrate any 
effect of tree species on the soil depth; it had been expected that the different tree 
species would affect the soil depth differently, but this was not found to be the case. 
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However, this does not mean that the trees were not having any effect on soil depth, 
merely that the species were having an equal effect. 
 
According to Palmberg (2002), E. gomphocephala does not control erosion well in dry 
conditions, as the plants eliminate ground vegetation because of competition for 
available water from their roots so that it is unavailable to other species. However, the 
same author points out that there are a number of drought tolerant eucalypt species, and 
they would probably be suited to erosion control, but these are rarely used as planted 
exotics. At the present, E. gomphocephala is selected for planting in dry areas because 
of its ability to produce wood in dry conditions, rather than to control erosion; to 
produce wood in such conditions, competing weeds and vegetation have to be removed, 
which aggravates the potential for erosion. As a protective barrier, E. gomphocephala 
has been found to be a very effective windbreak, reducing wind erosion, especially in 
semi-arid areas (Palmberg, 2002). E. gomphocephala is a better species than others in 
this respect, because of its ability to grow in harsh conditions and many species of 
eucalypts, therefore, have been used widely in reforesting erosion prone soils, especially 
slopes (Palmberg, 2002). 
 
The current study showed that there is no differential impact of canopy coverage under 
Eucalyptus or Pinus trees on the soil depth, indicating a similar level of interception of 
rainfall by the canopy of these two species. Therefore, in terms of this parameter, there 
is little to choose between using the native pine or the exotic eucalypt in afforestation 




6.5.2 Management practices required for afforestation programmes 
Management operations in afforestation programmes, such as site preparation, choice of 
species, protection and guarding, planting, pruning, thinning, and regeneration by new 
planting, all need careful consideration and implementation. Subsequent sections 
discuss these management operations in relation to their usage in the Jabal Akhdar. 
 
6.5.2.1 Site preparation  
According to Camirand (2002), site preparation involves clearing the site of existing 
vegetation so that competition is reduced, and also ground preparation so that soil 
conditions and water retention are improved to help the early growth of the saplings. 
However, heavy machinery used in land clearance and preparation can cause 
compaction or erosion of the soil. Slash and burn techniques of vegetation removal may 
also cause soil properties to change quickly; burning creates an ash layer which is rich 
in nutrients which then get washed into the soil by rain; but overall there may be a loss 
of nutrients from the site. According to Camirand (2002), most Eucalyptus species 
require a completely weed-free site so the saplings can grow quickly, and this may 
increase the risk of surface runoff and erosion of top soil (Palmberg, 2002), while in 
contrast many pine species can cope with competition from grasses. Nowadays, clearing 
of understory species simply for tree plantations would generally be considered 
unacceptable for reasons of conservation and the risk of erosion (Camirand, 2002).  
 
In the Jabal Akhdar area there have been varied methods of afforestation in the old and 
new sites; there has been the scrub clearance of all natural species in most of the old 
sites for the purpose of afforestation by the native or exotic species. It has reflected 
negatively on biodiversity, with the current study demonstrating that biodiversity was 
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the best in new sites. In addition, these practices may increase the risk of surface runoff 
and sheet erosion of top soil (Eldoumi et al., 2002). These points suggest that clearance 
prior to planting should be avoided, and this would suggest that Eucalyptus is not 
generally a good species to be chosen if it can not cope with competition in the initial 
stages of growth. 
 
6.5.2.2 Thinning/Stocking rate 
Despite there having been a relatively successful afforestation programme at many of 
the sites studied, one concern is about the sustainability of the situation given the 
implications of excessive growth and high density on environmental degradation, which 
might ultimately lead to desertification.  
 
The current study showed clear differences between the four main species in their 
response to the impact of environmental conditions from one site to other. Finding a 
high density in some sites may be because of the suitable environmental conditions in 
those locations. According to Mowat (1953), it is possible to get extremely dense tree 
stands where the site and environmental conditions are ideal and happen to coincide 
with abundant seed production. However, this is unlikely to be the cause of dense stands 
in this study area. This is mainly because the density has been brought about by 
plantation, rather than natural regeneration, especially as in most sites regeneration has 
been found to be unsuccessful.  
 
The present study showed a high abundance of P. halepensis trees in the Kandowla, of 
E. gomphocephala in the Qiqb site, of the C. sempervirens species in the Shahat site and 
the A. cyanophylla species in the Madwar Ziton site. Considering the standing basal 
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area as another measure of density indicates that some other sites were dense, such as P. 
halepensis in the Marawah, E. gomphocephala and C. sempervirens in the Shahat site, 
while the standing basal area for A. cyanophylla trees was relatively similar for all sites.  
Messines (1952) reported that well grown trees in a Eucalyptus plantation had a space 
of 36 m
2
 for each tree, which means about 270 stems per ha. Also, sometimes the 
coverage rate overall exceeded 100 % (Very dense according to the SFRI system) for 
some sites, particularly the Got Sultan, Hemre, the Qiqb and the Marawah sites. Thus 
different measures indicate different sites as being particularly densely stocked. 
 
It is very clear that the absence of management in these forests would eventually lead to 
further deterioration, since the space available for each tree may be not sufficient for the 
trees to grow adequately in these sites. Mowat (1953) has pointed out that, in a dense 
stand, the normal pattern is for trees to grow until crown closure and occupancy of the 
site is complete. At that point, most of the trees are about the same size as each other, 
and therefore no tree has a competitive advantage over another one (Mowat, 1953). 
Eventually, growth ceases because all of a tree‟s photosynthetic output is used just to 
cover its needs from respiration; once all the available growing space is occupied by 
trees, competition causes the death of some trees (Dickens et al., 2004). 
 
Therefore, the densely planted sites may require thinning (intermediate cutting) at 
certain stages of their development to give more space for each (Dickens et al., 2004). 
According to Schiller and Cohen (1998), necessary thinning and pruning should be 
repeated every seven years; this practice should be used in arid land afforestation. If 
carried out, early stocking reductions will decrease within-stand competition and 
improve photosynthetic activity and water use (Dickens et al., 2004), and increase the 
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spacing between trees and allow for faster growth of the remaining trees (Hawksworth 
and Johnson 1989). Thinning allows the remaining trees to grow better so that the large-
diameter trees often desired as wildlife habitat are produced more quickly (Mowat 
1953). Faster growth and canopy closure may protect the soil surface from the direct 
impact of rain, but at the same time it could limit the growth of the understory species 
through competition for nutrients and light, which could negatively affect biodiversity, 
and therefore indirectly affect the soil, as according to Zunni et al. (1996) the understory 
species have a very important role in protecting soil. 
 
6.5.2.3 Protection of plantations 
Perhaps the most important requirement for success of afforestation programs in the 
Jabal Akhdar is the protection of afforested sites from the negative activities of humans. 
Based on the definition of the UNEP in 1990, Nasr (1999, 5), has suggested: 
“desertification is land degradation in arid, semi-arid and dry sub-humid areas resulting 
from adverse human impact”. As described by Zunni (1977), the main reasons that 
adversely affect vegetation of the Jabal Akhdar are overgrazing, the cutting of trees and 
shrubs for fuel wood, the conversion of some forest land and pasture to agricultural land 
and fires, in addition to long-term drought, as well as inadequate management plans 
such as thinning or intermediate cutting for plantation forest. During the present study it 
was observed that most of the new sites have some protection by barbed wire, in 
addition to somewhat greater legal protection since most of it is private property and has 
been afforested by agreement with the owners of these lands, and this may help explain 





6.5.2.4 Best locations for planting 
It is necessary to know how much land is available and what its quality is in order to 
assess if it is suitable for the objectives of the planned forest plantation (Camirand, 
2002). A well-known problem is that it is usually the poorest land, i.e. that with shallow 
soil and on steep slopes, that is assigned for forestry. The decision on the use to which 
the forest land will be put, such as industrial forest plantation, forest plantation for soil 
protection, or agroforestry, is mainly determined by how steep the land is and how deep 
the soil is (Camirand, 2002). Besides the climate, the slope and the effective soil depth 
are the most important considerations in deciding which species should be planted 
(Camirand, 2002). Work by Wilcox et al. (1988) indicates that both the vegetation type 
and the soil depth can affect runoff processes, and thus soil erosion.  
 
Generally, results of the factor analyses have shown that location, slope angle and soil 
depth are important considerations with respect to planting of these species in 
afforestation schemes in the Jabal Akhdar. P. halepensis and A. cyanophylla would be 
more appropriate at higher altitudes, and thus would favour the mountain sites, 
particulary on the slopes, while the other one species E. gomphocephala, would appear 
to favour the flatter (non-mountain) sites, while the three species did not differ in the 
need for more rainfall or deep soil. 
 
In order to choose the best locations for afforestation by measurement of some of the 
attributes of trees which related with the quality of the site, the mean annual height 




According to Eldoumi et al. (2002), the mean annual height increment is a reflection of 
the impact of environmental factors at a site, which largely controls the tree growth. 
This present study has shown the mean annual height increment for E. gomphocephala 
trees was better than P. halepensis, although they are similar in terms of average age. 
This indicates that the conditions of these sites are very suitable for growth of E. 
gomphocephala. In contrast, the mean annual height increment for the other species, A. 
cyanophylla and C. sempervirens,  was very low. Eldoumi et al. (2002), however, in 
their study on the Jabal Akhdar, found the mean annual height increment for P. 
halepensis trees in the study area was better than E. gomphocephala and A. 
cyanophylla. Favorable growth factors at the Madwar Ziton site have led to a higher 
mean annual height increment for P. halepensis and A. cyanophylla trees there than at 
other sites. The mean annual height increment for E. gomphocephala trees was largest 
at the Fataeh site. There was little difference in mean annual height increment for C. 
sempervirens trees between the two sites where this species occurred, namely the 
Shahat and the Koof. 
 
Clearly the results based on mean annual height increment have given different 
indications for the success of the various species depending on location. This suggests 
that all parts of the study area could be successfully forested, provided the most 
appropriate species of tree is selected for any given site. The combined influence of the 
various environmental factors on this is crucially important. 
 
6.5.2.5 Choice of species 
In many cases, the choice of species will directly determine the success of the 
plantation. Whether the end use is for a large-scale industrial plantation or a small-scale 
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tree plantation with several end uses, a set of criteria will be used in various 
combinations to select the species to be used (Camirand, 2002). The reasons for 
planting the forest, such as industrial or domestic uses, protection of the environment, or 
the needs of the local population, will determine the criteria, and species are then 
selected which are best suited to the site, with reference to the climate and soil 
(Camirand, 2002). It is clear that the purpose of selection of species of trees used in 
afforestation programs in Libya was on the basis of the prevention of desertification, 
and not for the purpose of industrial production. The choice of P. halepensis, C. 
sempervirens (very limited) and E. gomphocephala trees appears to have been a good 
selection, while the present research suggests that the use of Acacia cyanophylla trees 
does not seem as suitable, despite its successful use in areas of western Libya, as 
reported by Zunni et al. (1996). The present results are compatible with those reported 
by Messines (1952), in that Acacia spp. do not seem suitable for general afforestation 
purposes, as in an arid climate Acacia has no great economic importance, is slow-
growing, and may only produce a stand with a density of 20 to 25 trees per ha at best.   
 
6.6 Practical constraints 
The most important step to prevent desertification occurring is to correct problems in 
the relationship of humans with the environment. In this context, Libya has 
implemented several laws and legislative acts, to restrict the deterioration of 
environmental resources and to act as a framework for the efforts made to combat 
desertification and achieve sustainable development (Bugi, 1991). However, simply 
passing such laws, legislative enactments, regulations and controls will be insufficient 
in itself; it is also necessary to ensure that they are complied with. The various 
inspection, protection and monitoring agencies require guidance about the causes, 
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effects and scale of desertification. Most of the areas in the Jabal Akhdar are private 
properties, which makes their use in afforestation programs more difficult (though not 
impossible, as noted in section 6.5.2.3). Also, there is no protection to natural resources, 
particularly the natural and industrial forests, including preventing overgrazing, 
especially in areas made more vulnerable by fires or over-harvesting, and especially 
where the land slopes more which can lead to accelerated soil erosion and reduction in 
the opportunity for seedling growth. In addition, there is an apparent absence of 
management to stop the deterioration in most of the Jabal Akhdar area. As pointed out 
by Medugu et al. (2010), for afforestation projects to be sustained a number of factors 
are required; policy makers and the general population in the region need to be made 
aware of the problems of desertification and the benefits of afforestation. Continued 
monitoring and periodic evaluation of any on-going afforestation project is very 
important for sustainable management of the project and any plan or policy that is not 














6.7 Conclusions  
The effects of afforestation programmes in preventing desertification and enhancing 
degraded land restoration in the Jabal Akhdar area have been unclear. This study has 
suggested that the four main tree species all show strong evidence of human influenced 
mortality and felling of trees, but differ in their growth and success of their 
regeneration. Pinus halepensis has shown success in its growth and potential success in 
its regeneration, particularly at higher altitudes, and thus would favour the mountain 
sites on the slopes, where the air temperature is lower. Cupressus sempervirens was 
successful in growth and regeneration in the mountains where it was found, but has not 
been widely planted in this area. The exotic Eucalyptus gomphocephala was very 
successful in its growth, but there was a big failure of regeneration, while Acacia 
cyanophylla trees had a failure of growth and regeneration as well. The exotic 
Eucalyptus gomphocephala species appeared to favour the flatter (non-mountain) sites. 
There was no difference between the species in the need for greater rainfall and deep 
soil, but particularly Acacia cyanophylla could cope best with a cooler climate.  
 
There appeared not to be any relationship between biodiversity and whether the main 
trees were native or exotic, the only effect of tree species on biodiversity being that P. 
halepensis might be having some negative effect on the abundance of shrubs where its 
canopy was dense; other species used in afforestation did not have a clear impact on 
biodiversity. Although this study did not observe positive effects of the trees in 
increasing the soil depth or biodiversity in the study sites, at least it did not observe 
large negative effects either. There was greater diversity of trees and shrubs generally at 
the younger sites than the old sites. It is believed that the principal reason for the 
differences in biodiversity lies in the methods of afforestation in the old sites compared 
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to the newer, less destructive methods, although greater protection of the newer sites 
could also have contributed to this. 
 
Environmental factors such as climate, terrain and soil are the main determinants 
affecting the distribution of trees and shrubs in the study area, in addition to their impact 
on the growth of the main trees. The present study confirms the mismanagement of 
these planted forests, reflected in the negative impact of site preparation and clearing, 
the lack of thinning of trees on some overcrowded sites, less appropriate selection of 
species for the sites in some cases, the neglect of protection to forests, particularly lack 
of protection from overgrazing, fires and negative human activities. In fact, from the 
present study, it becomes evident that overgrazing is a major problem in the process of 
desertification, represented in the stopping of tree growth and the elimination of most 
sapling regeneration. When combined with fire and its effects on the environment, 
predictions for the future of the Jabal Akhdar are pessimistically negative unless 
conditions can be altered. 
 
Overall, the choice of tree species to be used in afforestation programs in the study area 
must reflect the importance of their role and likely success in stopping the deterioration 
and the prevention of desertification. It is hoped that the present investigation will 
enable such choices to be made in a more informed way and therefore contribute to 





6.8 Suggestions for future work 
The present study has highlighted a number of important issues about the methods and 
impact of afforestation programs in the Jabal Akhdar on the environment, and therefore 
on their ability to prevent desertification and enhance degraded land restoration, which 
need further study. In the light of this research, it is suggested: 
 
1. The results of this study raise concern about the decline in regeneration, 
particularly for the alien species, and it is necessary to determine the main 
reasons for the lack of regeneration. Surveys should be conducted to explore the 
determinants of reproductive success or failure, particularly comparing 
regeneration in areas protected from human activities and overgrazing, and 
compare them to non-protected areas, in addition to an extensive survey on 
regeneration in burned and non-burned areas. 
 
2. One notable component of mortality was the felling and uprooting of trees, also 
deformation and breaking of branches; therefore there is a need to investigate the 
reasons behind this mortality, which could be due to the impact of the wind or 
shallow soil, and also it may be useful to conduct social and economic studies to 
identify the causes of deforestation for the purpose of obtaining fuel or to grow 
agricultural crops. 
 
3. The results from this study have suggested various relationships between tree 
species success and environmental parameters, particularly altitude; where the 
different species are grown within the same set of site, so that confirmation of 
these relationships would be best achieved by experimental plantings of the 
different species in blocks on the same sites at different locations. 
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4. This study has showed reduced growth success of Acacia cyanophylla trees, 
compared with other species, despite the great success of this species in western 
areas of Libya; this raises many questions as to why there is this difference. 
Trying to establish the reasons probably requires some tests similar to those in 3 
above, such as making many experimental plots in several places at different 
altitudes (eg, coastal or mountain) cultivating the same species at the same time 
but under different conditions, in order to reach convincing answers. 
 
5. An important study would be into the differences in soil depth between forested 
area and those which are not forested (eg. shrubs only), to see whether forests 
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Appendix 1. Aerial images taken from Google earth for all sites in the Jabal Akhdar 
region, included different scale of altitude at each site. (Adapted from: Google earth, 
2011). 







































































Appendix 2. Number of trees and stocking rate, also mean diameter at breast height 
(DBH), height, crown area, basal area per tree (TBA) and total basal area for all trees 
per plot  
 















1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 1 10 21 6 8 0.03 0.35 
Eucalyptus gomphocephala 1 10 22 10 18 0.04 0.38 
Eucalyptus gomphocephala 1 10 23 9 17 0.04 0.42 
Eucalyptus gomphocephala 4 40 24 6 19 0.05 1.81 
Eucalyptus gomphocephala 2 20 25 11 17 0.05 0.98 
Eucalyptus gomphocephala 3 30 27 9 22 0.06 1.72 
Eucalyptus gomphocephala 1 10 28 11 20 0.06 0.62 
Eucalyptus gomphocephala 3 30 29 11 19 0.07 1.98 
Eucalyptus gomphocephala 5 50 30 12 13 0.07 3.53 
Eucalyptus gomphocephala 4 40 31 11 9 0.08 3.02 
Eucalyptus gomphocephala 2 20 33 13 12 0.09 1.71 
Eucalyptus gomphocephala 2 20 34 16 16 0.09 1.81 
Eucalyptus gomphocephala 3 30 35 15 11 0.10 2.88 
Eucalyptus gomphocephala 5 50 36 13 7 0.10 5.09 
Eucalyptus gomphocephala 3 30 37 16 13 0.11 3.22 
Eucalyptus gomphocephala 3 30 38 17 15 0.11 3.40 
Eucalyptus gomphocephala 4 40 40 16 20 0.13 5.02 
Eucalyptus gomphocephala 3 30 41 18 17 0.13 3.96 
Average   28 31 12 15 0.08   
















2 Plots cm m m² m2 m2 
Pinus halepensis 7 35 7 4 2 0.00 0.13 
Pinus halepensis 5 25 8 4 5 0.01 0.13 
Pinus halepensis 8 40 9 4 5 0.01 0.25 
Pinus halepensis 9 45 10 5 7 0.01 0.35 
Pinus halepensis 8 40 11 5 10 0.01 0.38 
Pinus halepensis 8 40 13 8 8 0.01 0.53 
Pinus halepensis 13 65 16 6 7 0.02 1.31 
Pinus halepensis 13 65 17 7 7 0.02 1.47 
Pinus halepensis 11 55 18 9 6 0.03 1.40 
Pinus halepensis 14 70 19 6 6 0.03 1.98 
Pinus halepensis 9 45 20 7 7 0.03 1.41 
Pinus halepensis 13 65 21 8 5 0.03 2.25 
Pinus halepensis 11 55 22 7 8 0.04 2.09 
Pinus halepensis 14 70 24 8 7 0.05 3.17 
Average   51 15 6 6.37 0.02 1.06 



















3 Plots cm m m² m2 m2 
Pinus halepensis 3 10 10 4 5 0.01 0.08 
Pinus halepensis 7 23 11 7 5 0.01 0.22 
Pinus halepensis 2 7 12 4 7 0.01 0.08 
Pinus halepensis 4 13 13 3 5 0.01 0.18 
Pinus halepensis 4 13 15 8 7 0.02 0.23 
Pinus halepensis 6 20 16 6 9 0.02 0.40 
Pinus halepensis 4 13 17 8 6 0.02 0.30 
Pinus halepensis 3 10 18 6 7 0.03 0.25 
Pinus halepensis 15 50 20 7 6 0.03 1.56 
Pinus halepensis 4 13 21 9 7 0.03 0.46 
Pinus halepensis 2 7 22 8 8 0.04 0.25 
Pinus halepensis 12 40 27 6 7 0.06 2.28 
Pinus halepensis 5 17 28 7 4 0.06 1.02 
Pinus halepensis 9 30 29 8 6 0.07 1.97 
Pinus halepensis 8 27 31 7 7 0.08 2.01 
Average   19 19 6 6 0.03   
SUM   292         11.30 
 
 















1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 2 20 8 5 6 0.01 0.10 
Eucalyptus gomphocephala 3 30 9 4 6 0.01 0.19 
Eucalyptus gomphocephala 1 10 10 4 9 0.01 0.08 
Eucalyptus gomphocephala 3 30 11 4 7 0.01 0.28 
Eucalyptus gomphocephala 1 10 12 5 6 0.01 0.11 
Eucalyptus gomphocephala 4 40 13 6 7 0.01 0.53 
Eucalyptus gomphocephala 1 10 14 6 6 0.02 0.15 
Eucalyptus gomphocephala 3 30 15 6 8 0.02 0.53 
Eucalyptus gomphocephala 1 10 16 7 6 0.02 0.20 
Eucalyptus gomphocephala 5 50 18 6 6 0.03 1.27 
Eucalyptus gomphocephala 2 20 19 5 8 0.03 0.57 
Eucalyptus gomphocephala 4 40 20 6 7 0.03 1.26 
Eucalyptus gomphocephala 9 90 21 6 9 0.03 3.12 
Eucalyptus gomphocephala 5 50 22 7 8 0.04 1.90 
Eucalyptus gomphocephala 4 40 23 7 7 0.04 1.66 
Eucalyptus gomphocephala 2 20 24 8 7 0.05 0.90 
Eucalyptus gomphocephala 1 10 26 7 8 0.05 0.53 
Eucalyptus gomphocephala 1 10 27 7 6 0.06 0.57 
Eucalyptus gomphocephala 3 30 28 6 10 0.06 1.85 
Eucalyptus gomphocephala 4 40 29 10 6 0.07 2.64 
Eucalyptus gomphocephala 1 10 30 10 8 0.07 0.71 
Eucalyptus gomphocephala 1 10 34 9 7 0.09 0.91 
Average   28 20 6 7 0.03 0.91 



















1 Plot cm m m² m2 m2 
Pinus halepensis 7 69 8 18 13 0.01 0.35 
Pinus halepensis 13 128 9 8 14 0.01 0.81 
Pinus halepensis 7 69 10 16 12 0.01 0.54 
Pinus halepensis 8 79 11 8 12 0.01 0.75 
Pinus halepensis 7 69 12 13 14 0.01 0.78 
Pinus halepensis 5 49 13 16 13 0.01 0.65 
Pinus halepensis 5 49 15 10 15 0.02 0.87 
Pinus halepensis 7 69 16 5 14 0.02 1.38 
Pinus halepensis 2 20 17 8 14 0.02 0.45 
Pinus halepensis 4 39 18 14 14 0.03 1.00 
Pinus halepensis 4 39 21 10 16 0.03 1.36 
Pinus halepensis 7 69 22 11 16 0.04 2.62 
Pinus halepensis 6 59 23 9 15 0.04 2.45 
Pinus halepensis 10 98 24 16 17 0.05 4.45 
Pinus halepensis 3 30 25 20 16 0.05 1.45 
Average   62 16 12 14 0.0232   
















1 Plot cm m m² m2 m2 
Acacia cyanophylla 1 10 7 2 5 0.00 0.04 
Acacia cyanophylla 1 10 8 2 5 0.01 0.05 
Acacia cyanophylla 6 60 9 3 8 0.01 0.38 
Acacia cyanophylla 4 40 10 3 4 0.01 0.31 
Acacia cyanophylla 5 50 11 3 4 0.01 0.47 
Acacia cyanophylla 4 40 12 4 5 0.01 0.45 
Acacia cyanophylla 3 30 13 4 7 0.01 0.40 
Acacia cyanophylla 2 20 14 3 2 0.02 0.31 
Acacia cyanophylla 1 10 15 3 8 0.02 0.18 
Acacia cyanophylla 1 10 18 4 2 0.03 0.25 
Acacia cyanophylla 2 20 19 4 7 0.03 0.57 
Acacia cyanophylla 3 30 20 3 5 0.03 0.94 
Average   28 13 3 5 0.01   





























1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 6 60 24 13 6 0.05 2.71 
Eucalyptus gomphocephala 5 50 25 12 12 0.05 2.45 
Eucalyptus gomphocephala 4 40 26 9 9 0.05 2.12 
Eucalyptus gomphocephala 2 20 28 12 6 0.06 1.23 
Eucalyptus gomphocephala 3 30 29 16 14 0.07 1.98 
Eucalyptus gomphocephala 3 30 36 10 9 0.10 3.05 
Eucalyptus gomphocephala 5 50 38 10 8 0.11 5.67 
Eucalyptus gomphocephala 3 30 42 16 17 0.14 4.15 
Eucalyptus gomphocephala 5 50 43 18 16 0.15 7.26 
Eucalyptus gomphocephala 3 30 47 19 9 0.17 5.20 
Eucalyptus gomphocephala 3 30 54 12 9 0.23 6.87 
Eucalyptus gomphocephala 1 10 55 17 18 0.24 2.37 
Eucalyptus gomphocephala 5 50 57 19 14 0.26 12.75 
Eucalyptus gomphocephala 1 10 59 23 26 0.27 2.73 
Eucalyptus gomphocephala 2 20 63 19 12 0.31 6.23 
Eucalyptus gomphocephala 3 30 65 16 8 0.33 9.95 
Eucalyptus gomphocephala 4 40 67 18 13 0.35 14.10 
Eucalyptus gomphocephala 2 20 68 18 22 0.36 7.26 
Eucalyptus gomphocephala 2 20 72 21 24 0.41 8.14 
Eucalyptus gomphocephala 5 50 73 19 8 0.42 20.92 
Average   34 49 16 13 0.21 127 




trees Stocking rate 
Stems/ha 





1 Plot cm m m² m2 m2 
Pinus halepensis 3 30 12 6 8 0.01 0.34 
Pinus halepensis 4 40 13 7 8 0.01 0.53 
Pinus halepensis 1 10 14 6 7 0.02 0.15 
Pinus halepensis 1 10 15 7 10 0.02 0.18 
Pinus halepensis 2 20 16 6 8 0.02 0.40 
Pinus halepensis 4 40 17 8 8 0.02 0.91 
Pinus halepensis 3 30 19 6 8 0.03 0.85 
Pinus halepensis 4 40 21 8 8 0.03 1.38 
Pinus halepensis 2 20 22 10 10 0.04 0.76 
Pinus halepensis 5 50 23 8 11 0.04 2.08 
Pinus halepensis 5 50 24 8 13 0.05 2.26 
Pinus halepensis 1 10 27 7 8 0.06 0.57 
Pinus halepensis 3 30 28 12 7 0.06 1.85 
Pinus halepensis 4 40 29 11 9 0.07 2.64 
Pinus halepensis 3 30 30 9 6 0.07 2.12 
Pinus halepensis 2 20 31 12 8 0.08 1.51 
Pinus halepensis 2 20 33 11 8 0.09 1.71 
Pinus halepensis 3 30 34 11 8 0.09 2.72 
Pinus halepensis 4 40 36 10 10 0.10 4.07 
Pinus halepensis 4 40 37 14 9 0.11 4.30 
Pinus halepensis 4 40 38 11 9 0.11 4.53 
Pinus halepensis 6 60 39 13 9 0.12 7.16 
Pinus halepensis 4 40 41 17 10 0.13 5.28 
Pinus halepensis 3 30 43 14 9 0.15 4.35 
Pinus halepensis 1 10 44 15 8 0.15 1.52 
Average   31 27 10 9 0.07   











DBH Height Crown area 




3 Plots cm m m² m2 m2 
Pinus halepensis 18 60 12 8 8 0.01 0.68 
Pinus halepensis 12 40 13 10 10 0.01 0.53 
Pinus halepensis 12 40 14 7 9 0.02 0.61 
Pinus halepensis 6 20 15 8 7 0.02 0.35 
Pinus halepensis 7 23 16 8 10 0.02 0.47 
Pinus halepensis 8 27 17 7 15 0.02 0.60 
Pinus halepensis 8 27 19 17 12 0.03 0.75 
Pinus halepensis 9 30 20 15 15 0.03 0.94 
Pinus halepensis 13 43 21 8 14 0.03 1.50 
Pinus halepensis 9 30 22 11 25 0.04 1.14 
Pinus halepensis 16 53 23 10 14 0.04 2.21 
Pinus halepensis 11 37 24 16 10 0.05 1.65 
Pinus halepensis 7 23 25 11 8 0.05 1.14 
Pinus halepensis 14 47 27 11 15 0.06 2.66 
Pinus halepensis 9 30 29 14 14 0.07 1.98 
Pinus halepensis 12 40 31 13 9 0.08 3.01 
Pinus halepensis 11 37 32 10 13 0.08 2.94 
Pinus halepensis 13 43 33 12 20 0.09 3.69 
Pinus halepensis 7 23 34 17 13 0.09 2.11 
Average   35 22 11 13 0.04   















1 Plot cm m m² m2 m2 
Cupressus sempcrvirens 1 10 14 6 2 0.02 0.15 
Cupressus sempcrvirens 2 20 15 5 2 0.02 0.35 
Cupressus sempcrvirens 5 50 17 5 4 0.02 1.13 
Cupressus sempcrvirens 9 90 18 6 2 0.03 2.29 
Cupressus sempcrvirens 5 50 19 5 3 0.03 1.42 
Cupressus sempcrvirens 6 60 20 6 3 0.03 1.88 
Cupressus sempcrvirens 7 70 21 8 4 0.03 2.42 
Cupressus sempcrvirens 8 80 23 7 2 0.04 3.32 
Cupressus sempcrvirens 6 60 24 7 2 0.05 2.71 
Cupressus sempcrvirens 7 70 25 8 3 0.05 3.43 
Cupressus sempcrvirens 5 50 26 10 4 0.05 2.65 
Cupressus sempcrvirens 4 40 27 12 3 0.06 2.29 
Cupressus sempcrvirens 6 60 28 10 4 0.06 3.69 
Cupressus sempcrvirens 3 30 29 8 3 0.07 1.98 
Cupressus sempcrvirens 6 60 31 11 5 0.08 4.53 
Cupressus sempcrvirens 4 40 31 17 4 0.08 3.02 
Cupressus sempcrvirens 8 80 32 10 4 0.08 6.43 
Cupressus sempcrvirens 9 90 33 11 6 0.09 7.69 
Cupressus sempcrvirens 7 70 34 9 6 0.09 6.35 
Cupressus sempcrvirens 8 80 37 11 5 0.11 8.60 
Cupressus sempcrvirens 8 80 38 13 4 0.11 9.07 
Cupressus sempcrvirens 4 40 39 12 4 0.12 4.78 
Cupressus sempcrvirens 6 60 40 11 4 0.13 7.54 
Cupressus sempcrvirens 1 10 41 11 4 0.13 1.32 
Average     28 9 4 0.06   
SUM   1350         89.06 
244 
 















1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 6 60 10 11 12 0.01 0.47 
Eucalyptus gomphocephala 5 50 11 12 8 0.01 0.47 
Eucalyptus gomphocephala 4 40 12 9 14 0.01 0.45 
Eucalyptus gomphocephala 1 10 13 12 8 0.01 0.13 
Eucalyptus gomphocephala 5 50 14 14 8 0.02 0.77 
Eucalyptus gomphocephala 8 80 15 9 9 0.02 1.41 
Eucalyptus gomphocephala 5 50 16 10 15 0.02 1.00 
Eucalyptus gomphocephala 2 20 18 15 18 0.03 0.51 
Eucalyptus gomphocephala 4 40 19 9 14 0.03 1.13 
Eucalyptus gomphocephala 3 30 20 14 12 0.03 0.94 
Eucalyptus gomphocephala 1 10 21 8 9 0.03 0.35 
Eucalyptus gomphocephala 6 60 22 17 19 0.04 2.28 
Eucalyptus gomphocephala 4 40 23 8 9 0.04 1.66 
Eucalyptus gomphocephala 7 70 25 12 10 0.05 3.43 
Eucalyptus gomphocephala 6 60 26 9 13 0.05 3.18 
Eucalyptus gomphocephala 5 50 27 11 16 0.06 2.86 
Eucalyptus gomphocephala 3 30 28 10 14 0.06 1.85 
Average   44 19 11 12 0.03   
















1 Plot cm m m² m2 m2 
Pinus halepensis 5 50 8 6 5 0.01 0.25 
Pinus halepensis 6 60 9 6 6 0.01 0.38 
Pinus halepensis 4 40 10 5 6 0.01 0.31 
Pinus halepensis 2 20 11 7 7 0.01 0.19 
Pinus halepensis 5 50 13 9 10 0.01 0.66 
Pinus halepensis 1 10 14 9 15 0.02 0.15 
Pinus halepensis 2 20 15 7 16 0.02 0.35 
Pinus halepensis 1 10 18 9 13 0.03 0.25 
Pinus halepensis 1 10 20 9 17 0.03 0.31 
Pinus halepensis 5 50 21 9 14 0.03 1.73 
Pinus halepensis 4 40 22 11 16 0.04 1.52 
Pinus halepensis 1 10 23 10 18 0.04 0.42 
Pinus halepensis 2 20 24 10 18 0.05 0.90 
Pinus halepensis 7 70 25 15 17 0.05 3.43 
Pinus halepensis 5 50 27 14 13 0.06 2.86 
Pinus halepensis 6 60 33 16 20 0.09 5.13 
Pinus halepensis 4 40 35 16 19 0.10 3.85 
Pinus halepensis 1 10 36 18 26 0.10 1.02 
Average   34 20 10 14 0.04   






















1 Plot cm m m² m2 m2 
Acacia cyanophylla 8 80 7 2 3 0.00 0.31 
Acacia cyanophylla 9 90 8 2 3 0.01 0.45 
Acacia cyanophylla 9 90 9 2 4 0.01 0.57 
Acacia cyanophylla 7 70 10 3 6 0.01 0.55 
Acacia cyanophylla 11 110 12 3 6 0.01 1.24 
Acacia cyanophylla 2 20 13 4 5 0.01 0.27 
Acacia cyanophylla 5 50 14 4 6 0.02 0.77 
Acacia cyanophylla 4 40 15 5 7 0.02 0.71 
Acacia cyanophylla 4 40 16 4 8 0.02 0.80 
Acacia cyanophylla 2 20 17 5 6 0.02 0.45 
Average   61 12 3 5 0.01   
SUM   610         6.12 
 
 







DBH Height Crown area 
Tree Basal Area 
(TBA) 
Total Basal area 
3 Plots cm m m² m2 m2 
Pinus halepensis 6 20 11 8 6 0.01 0.19 
Pinus halepensis 6 20 12 10 8 0.01 0.23 
Pinus halepensis 12 40 13 8 7 0.01 0.53 
Pinus halepensis 8 27 14 10 6 0.02 0.41 
Pinus halepensis 7 23 15 12 9 0.02 0.41 
Pinus halepensis 6 20 17 14 11 0.02 0.45 
Pinus halepensis 10 33 19 17 8 0.03 0.94 
Pinus halepensis 5 17 20 20 8 0.03 0.52 
Pinus halepensis 10 33 21 13 12 0.03 1.15 
Pinus halepensis 11 37 22 17 10 0.04 1.39 
Pinus halepensis 10 33 24 20 10 0.05 1.51 
Pinus halepensis 12 40 25 21 15 0.05 1.96 
Pinus halepensis 9 30 27 12 9 0.06 1.72 
Pinus halepensis 13 43 28 15 23 0.06 2.67 
Pinus halepensis 12 40 30 23 13 0.07 2.83 
Pinus halepensis 10 33 31 12 18 0.08 2.51 
Pinus halepensis 13 43 32 14 13 0.08 3.48 
Pinus halepensis 14 47 36 20 17 0.10 4.75 
Pinus halepensis 14 47 38 17 11 0.11 5.29 
Pinus halepensis 13 43 39 19 19 0.12 5.17 
Pinus halepensis 10 33 40 19 23 0.13 4.19 
Pinus halepensis 12 40 41 20 18 0.13 5.28 
Pinus halepensis 13 43 42 16 19 0.14 6.00 
Pinus halepensis 15 50 44 22 13 0.15 7.60 
Average   35 27 16 13 0.0643   








8. The Marawah site 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




3 Plots cm m m² m2 m2 
Pinus halepensis 9 30 11 6 17 0.01 0.28 
Pinus halepensis 11 37 12 6 9 0.01 0.41 
Pinus halepensis 1 3 15 7 28 0.02 0.06 
Pinus halepensis 4 13 16 7 16 0.02 0.27 
Pinus halepensis 2 7 17 14 21 0.02 0.15 
Pinus halepensis 3 10 20 16 12 0.03 0.31 
Pinus halepensis 3 10 21 13 20 0.03 0.35 
Pinus halepensis 6 20 22 16 16 0.04 0.76 
Pinus halepensis 5 17 23 17 13 0.04 0.69 
Pinus halepensis 8 27 24 18 35 0.05 1.20 
Pinus halepensis 4 13 28 15 18 0.06 0.82 
Pinus halepensis 5 17 29 16 19 0.07 1.10 
Pinus halepensis 3 10 30 12 22 0.07 0.70 
Pinus halepensis 2 7 32 10 34 0.08 0.53 
Pinus halepensis 5 17 33 12 23 0.09 1.42 
Pinus halepensis 3 10 34 12 21 0.09 0.90 
Pinus halepensis 11 37 36 16 36 0.10 3.72 
Pinus halepensis 5 17 39 17 43 0.12 1.98 
Pinus halepensis 10 33 40 15 14 0.13 4.17 
Pinus halepensis 2 7 43 16 36 0.15 0.96 
Pinus halepensis 3 10 44 14 22 0.15 1.52 
Pinus halepensis 8 27 45 13 38 0.16 4.23 
Pinus halepensis 4 13 46 12 33 0.17 2.21 
Pinus halepensis 8 27 47 19 25 0.17 4.61 
Pinus halepensis 5 17 52 18 36 0.21 3.53 
Pinus halepensis 5 17 54 15 22 0.23 3.80 
Pinus halepensis 4 13 55 19 42 0.24 3.16 
Pinus halepensis 7 23 56 14 37 0.25 5.73 
Pinus halepensis 4 13 57 16 36 0.26 3.39 
Pinus halepensis 6 20 58 15 33 0.26 5.27 
Pinus halepensis 4 13 62 11 35 0.30 4.01 
Pinus halepensis 13 43 63 16 43 0.31 13.46 
Pinus halepensis 2 7 64 18 43 0.32 2.14 
Average   18 37 14 27 0.13   














9. The Qiqb site 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 6 60 9 9 9 0.01 0.38 
Eucalyptus gomphocephala 5 50 10 12 15 0.01 0.39 
Eucalyptus gomphocephala 8 80 11 8 12 0.01 0.76 
Eucalyptus gomphocephala 5 50 12 9 17 0.01 0.57 
Eucalyptus gomphocephala 6 60 13 6 12 0.01 0.80 
Eucalyptus gomphocephala 4 40 14 8 11 0.02 0.62 
Eucalyptus gomphocephala 4 40 16 9 9 0.02 0.80 
Eucalyptus gomphocephala 5 50 18 7 8 0.03 1.27 
Eucalyptus gomphocephala 3 30 20 10 10 0.03 0.94 
Eucalyptus gomphocephala 5 50 21 11 9 0.03 1.73 
Eucalyptus gomphocephala 2 20 22 12 7 0.04 0.76 
Eucalyptus gomphocephala 1 10 23 9 6 0.04 0.42 
Eucalyptus gomphocephala 6 60 27 10 8 0.06 3.43 
Eucalyptus gomphocephala 2 20 28 11 9 0.06 1.23 
Eucalyptus gomphocephala 3 30 30 15 24 0.07 2.12 
Eucalyptus gomphocephala 2 20 31 11 15 0.08 1.51 
Eucalyptus gomphocephala 1 10 33 13 14 0.09 0.85 
Eucalyptus gomphocephala 3 30 34 13 9 0.09 2.72 
Eucalyptus gomphocephala 2 20 35 11 13 0.10 1.92 
Eucalyptus gomphocephala 5 50 36 12 7 0.10 5.09 
Eucalyptus gomphocephala 2 20 38 17 15 0.11 2.27 
Eucalyptus gomphocephala 4 40 39 18 14 0.12 4.78 
Eucalyptus gomphocephala 2 20 45 17 17 0.16 3.18 
Eucalyptus gomphocephala 4 40 46 15 11 0.17 6.64 
Eucalyptus gomphocephala 3 30 49 11 10 0.19 5.65 
Average   37 26 11 12 0.07   
SUM   930         50.84 
 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Pinus halepensis 9 90 8 4 7 0.01 0.45 
Pinus halepensis 4 40 9 3 10 0.01 0.25 
Pinus halepensis 4 40 10 4 9 0.01 0.31 
Pinus halepensis 8 80 11 3 8 0.01 0.76 
Pinus halepensis 5 50 13 5 8 0.01 0.66 
Pinus halepensis 2 20 14 7 9 0.02 0.31 
Pinus halepensis 2 20 15 5 9 0.02 0.35 
Pinus halepensis 4 40 18 5 10 0.03 1.02 
Pinus halepensis 2 20 19 7 12 0.03 0.57 
Pinus halepensis 5 50 20 8 8 0.03 1.57 
Pinus halepensis 2 20 21 5 12 0.03 0.69 
Pinus halepensis 5 50 23 8 9 0.04 2.08 
Pinus halepensis 4 40 24 8 13 0.05 1.81 
Pinus halepensis 3 30 25 8 7 0.05 1.47 
Pinus halepensis 3 30 26 7 13 0.05 1.59 
Pinus halepensis 8 80 27 7 10 0.06 4.58 
Pinus halepensis 4 40 29 7 7 0.07 2.64 
Average   44 18 6 9 0.03   





Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Acacia cyanophylla 3 30 7 2 2 0.00 0.12 
Acacia cyanophylla 4 40 8 3 4 0.01 0.20 
Acacia cyanophylla 5 50 9 3 7 0.01 0.32 
Acacia cyanophylla 2 20 10 3 4 0.01 0.16 
Acacia cyanophylla 3 30 11 3 5 0.01 0.28 
Acacia cyanophylla 4 40 13 4 7 0.01 0.53 
Acacia cyanophylla 5 50 14 6 8 0.02 0.77 
Acacia cyanophylla 4 40 15 4 4 0.02 0.71 
Acacia cyanophylla 1 10 17 5 5 0.02 0.23 
Average   34 12 4 5 0.01   
SUM   310         3.31 
 
 
10. The Kandowla site 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




3 Plots cm m m² m2 m2 
Pinus halepensis 8 27 9 4 4 0.01 0.17 
Pinus halepensis 9 30 10 3 4 0.01 0.24 
Pinus halepensis 23 77 11 4 3 0.01 0.73 
Pinus halepensis 15 50 12 3 4 0.01 0.57 
Pinus halepensis 20 67 15 5 6 0.02 1.18 
Pinus halepensis 7 23 16 5 5 0.02 0.47 
Pinus halepensis 8 27 17 9 7 0.02 0.60 
Pinus halepensis 25 83 18 7 7 0.03 2.12 
Pinus halepensis 11 37 19 9 5 0.03 1.04 
Pinus halepensis 13 43 20 7 6 0.03 1.36 
Pinus halepensis 22 73 22 8 6 0.04 2.79 
Pinus halepensis 23 77 24 10 6 0.05 3.47 
Pinus halepensis 37 123 25 6 8 0.05 6.05 
Pinus halepensis 30 100 26 6 8 0.05 5.31 
Pinus halepensis 25 83 27 6 16 0.06 4.77 
Pinus halepensis 29 97 28 12 13 0.06 5.95 
Pinus halepensis 18 60 29 8 7 0.07 3.96 
Average   63 19 7 7 0.03   












11. The Slanta site 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




3 Plots cm m m² m2 m2 
Pinus halepensis 10 33 11 5 7 0.01 0.32 
Pinus halepensis 16 53 12 5 8 0.01 0.60 
Pinus halepensis 23 77 14 4 9 0.02 1.18 
Pinus halepensis 15 50 16 7 15 0.02 1.00 
Pinus halepensis 17 57 17 5 16 0.02 1.29 
Pinus halepensis 13 43 19 10 15 0.03 1.23 
Pinus halepensis 5 17 21 18 17 0.03 0.58 
Pinus halepensis 14 47 22 6 17 0.04 1.77 
Pinus halepensis 6 20 23 4 9 0.04 0.83 
Pinus halepensis 4 13 25 14 9 0.05 0.65 
Pinus halepensis 3 10 27 8 12 0.06 0.57 
Pinus halepensis 8 27 28 11 8 0.06 1.64 
Pinus halepensis 5 17 29 10 8 0.07 1.10 
Pinus halepensis 10 33 30 15 15 0.07 2.36 
Pinus halepensis 5 17 31 19 9 0.08 1.26 
Pinus halepensis 7 23 32 12 10 0.08 1.88 
Pinus halepensis 11 37 33 11 8 0.09 3.13 
Pinus halepensis 8 27 36 10 6 0.10 2.71 
Pinus halepensis 13 43 37 15 5 0.11 4.66 
Pinus halepensis 7 23 38 12 16 0.11 2.64 
Pinus halepensis 9 30 39 14 7 0.12 3.58 
Pinus halepensis 8 27 42 14 7 0.14 3.69 
Pinus halepensis 4 13 43 15 11 0.15 1.94 
Pinus halepensis 5 17 44 16 8 0.15 2.53 
Pinus halepensis 8 27 45 15 9 0.16 4.24 
Pinus halepensis 2 7 46 18 9 0.17 1.11 
Average   30 29 11 10 0.08   


















12. The Rajma site 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Eucalyptus gomphocephala 3 30 20 7 9 0.03 0.94 
Eucalyptus gomphocephala 2 20 21 9 8 0.03 0.69 
Eucalyptus gomphocephala 4 40 22 8 11 0.04 1.52 
Eucalyptus gomphocephala 1 10 24 9 14 0.05 0.45 
Eucalyptus gomphocephala 1 10 25 10 8 0.05 0.49 
Eucalyptus gomphocephala 1 10 26 10 6 0.05 0.53 
Eucalyptus gomphocephala 5 50 28 11 12 0.06 3.08 
Eucalyptus gomphocephala 3 30 29 10 12 0.07 1.98 
Eucalyptus gomphocephala 2 20 30 11 8 0.07 1.41 
Eucalyptus gomphocephala 1 10 31 12 9 0.08 0.75 
Eucalyptus gomphocephala 5 50 32 13 10 0.08 4.02 
Eucalyptus gomphocephala 1 10 36 9 12 0.10 1.02 
Eucalyptus gomphocephala 7 70 37 8 14 0.11 7.52 
Eucalyptus gomphocephala 2 20 38 10 12 0.11 2.27 
Eucalyptus gomphocephala 6 60 39 12 13 0.12 7.16 
Eucalyptus gomphocephala 1 10 40 8 8 0.13 1.26 
Eucalyptus gomphocephala 2 20 41 9 8 0.13 2.64 
Eucalyptus gomphocephala 3 30 43 10 15 0.15 4.35 
Eucalyptus gomphocephala 3 30 45 12 11 0.16 4.77 
Eucalyptus gomphocephala 2 20 46 10 13 0.17 3.32 
Average   28 33 10 11 0.09   
SUM   550         50.18 
 
Species 
Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Pinus halepensis 4 40 8 7 8 0.01 0.20 
Pinus halepensis 4 40 9 7 9 0.01 0.25 
Pinus halepensis 6 60 10 6 8 0.01 0.47 
Pinus halepensis 8 80 11 5 9 0.01 0.76 
Pinus halepensis 1 10 13 9 11 0.01 0.13 
Pinus halepensis 3 30 15 7 10 0.02 0.53 
Pinus halepensis 1 10 16 5 12 0.02 0.20 
Pinus halepensis 1 10 17 8 8 0.02 0.23 
Pinus halepensis 3 30 18 7 9 0.03 0.76 
Pinus halepensis 2 20 19 9 7 0.03 0.57 
Pinus halepensis 4 40 22 9 12 0.04 1.52 
Pinus halepensis 5 50 23 9 10 0.04 2.08 
Pinus halepensis 5 50 27 8 15 0.06 2.86 
Average   36 16 7 10 0.02   










Number of trees Stocking 
rate 
Stems/ha 
DBH Height Crown area 




1 Plot cm m m² m2 m2 
Acacia cyanophylla 6 60 8 3 8 0.01 0.30 
Acacia cyanophylla 5 50 9 3 7 0.01 0.32 
Acacia cyanophylla 1 10 10 2 9 0.01 0.08 
Acacia cyanophylla 1 10 11 4 10 0.01 0.09 
Acacia cyanophylla 1 10 13 4 12 0.01 0.13 
Acacia cyanophylla 2 20 14 2 9 0.02 0.31 
Acacia cyanophylla 2 20 16 5 8 0.02 0.40 
Acacia cyanophylla 2 20 17 3 9 0.02 0.45 
Acacia cyanophylla 2 20 19 5 12 0.03 0.57 
Acacia cyanophylla 2 20 20 4 7 0.03 0.63 
Acacia cyanophylla 3 30 24 3 13 0.05 1.36 
Average 
 









13. The Koof site 
Species  











3 Plots cm m m² m2 m2 
Cupressus sempervirens 11 36 7 5 1 0.00 0.14 
Cupressus sempervirens 14 46 8 4 2 0.01 0.23 
Cupressus sempervirens 8 26 10 7 2 0.01 0.21 
Cupressus sempervirens 17 56 11 4 2 0.01 0.53 
Cupressus sempervirens 5 17 12 8 3 0.01 0.19 
Cupressus sempervirens 2 7 13 4 3 0.01 0.09 
Cupressus sempervirens 10 33 14 6 4 0.02 0.51 
Cupressus sempervirens 5 17 17 5 4 0.02 0.38 
Cupressus sempervirens 4 13 18 8 4 0.03 0.34 
Cupressus sempervirens 7 23 20 7 4 0.03 0.73 
Average 
 










Appendix 3. Number of individuals for all species of trees and shrubs in the 
individual sites (the four main tree species are listed at the top of the table). 
 










































































Pinus halepensis 715 292 935 780 672 620 837 582 740 1077 787 470 708.9 
Cupressus sempervirens 0 0 0 1350 0 0 0 0 0 0 0 0 275 
Eucalyptus gomphocephala 500 0 610 670 0 750 0 0 930 0 0 550 0 
Acacia cyanophylla 0 0 330 0 0 610 0 0 310 0 0 270 0 
Anabasis articulata  0 0 0 0 0 0 0 0 0 0 0 0 0 
Arbutus pavarii  0 693 0 0 185 0 0 0 0 265 0 0 186 
Artemisia herba-alba  0 0 0 0 0 0 0 0 0 0 0 0 0 
Asparagus aphyllus  0 0 0 0 0 0 0 0 0 0 0 0 0 
Atriplex halimus  0 0 0 0 0 0 0 0 0 0 0 0 0 
Choenelea arabica  0 0 0 0 0 0 0 0 0 0 0 0 0 
Calicotome rigida  42 794 0 0 0 0 0 0 0 72 0 0 71 
Casuarina equisetifolia  0 0 0 0 0 0 0 0 0 0 0 0 0 
Ceratonia siliqua  0 51 0 0 0 0 0 0 0 0 0 0 18 
Cistus parviflorus  0 892 0 476 0 0 0 0 0 0 0 0 672 
Euphorbia dendroides  0 0 0 0 0 0 0 0 0 0 0 0 0 
Haloxylon articulatum  0 0 0 0 0 0 0 0 0 0 0 0 0 
Juniperus Phoenicia  0 412 0 0 0 0 0 0 0 0 0 0 131 
Lycium arabicum  0 0 0 0 0 0 0 0 0 0 0 0 0 
Marrubium vulgare  0 0 0 0 0 0 0 0 0 0 0 0 0 
Olea europea var. oleaster 0 21 0 0 36 0 0 0 0 0 0 0 0 
Phillyrea angustifolia  0 5 0 0 0 0 0 0 0 0 0 0 90 
Phlomis floccose  421 1373 0 0 376 0 0 0 0 0 0 0 85 
Pistacia lentiscus  0 617 0 0 246 0 0 0 0 345 0 0 423 
Pituranthos tortuosus  0 0 0 0 0 0 0 0 0 0 0 0 0 
Retama raetam 0 0 0 0 0 0 0 0 0 0 0 0 0 
Rhamnus oleoides  0 42 0 0 0 0 0 0 0 0 0 0 102 
Sarcopoterium spinosum 863 315 936 214 0 0 0 0 1254 0 1234 0 1432 
Satureja thymbra  0 0 0 0 0 0 0 0 0 0 0 0 0 
Suaeda pruinosa 0 0 0 0 0 0 0 0 0 0 0 0 0 
Tamarix passerinoides  0 0 0 0 0 0 0 0 0 0 0 0 0 
Thapsia garganica  0 0 0 0 0 0 0 0 0 0 0 0 0 
Thymus capitatus  0 0 0 0 0 0 0 0 0 0 0 0 0 
Viburnum tinus  0 0 0 0 0 0 0 0 0 0 0 0 56 
Zizyphus lotus 0 0 0 0 0 0 0 0 0 0 0 0 0 
253 
 
























































Pinus halepensis 967 892 143 1365 742 832 438 785 632 275 
 
Cupressus sempervirens 824 634 43 0 693 0 145 312 392 0 0 
Eucalyptus gomphocephala 0 477 213 1075 0 590 635 689 842 639 0 
Acacia cyanophylla 692 0 167 0 0 427 219 123 0 0 0 
Anabasis articulata  0 0 0 0 0 0 0 0 0 0 437 
Arbutus pavarii  0 0 0 0 89 6 0 0 0 0 0 
Artemisia herba-alba  7 0 0 155 176 0 0 0 0 0 0 
Asparagus aphyllus  21 13 57 0 0 0 0 0 0 0 0 
Atriplex halimus  0 0 756 0 0 0 674 0 574 419 384 
Choenelea arabica  0 0 0 0 0 0 0 0 0 0 728 
Calicotome rigida  0 0 0 0 0 65 0 0 0 0 0 
Casuarina equisetifolia  0 0 0 0 0 0 0 0 0 296 0 
Ceratonia siliqua  0 0 0 0 356 0 0 0 79 0 0 
Cistus parviflorus  0 0 0 0 0 0 0 0 0 0 0 
Euphorbia dendroides  42 89 126 0 0 0 0 0 0 0 0 
Haloxylon articulatum  0 0 0 0 0 0 0 0 0 0 284 
Juniperus Phoenicia  69 32 0 27 46 0 0 0 0 0 0 
Lycium arabicum  121 58 0 0 0 0 0 0 0 0 0 
Marrubium vulgare  195 78 0 0 0 0 0 0 0 0 0 
Olea europea var. oleaster 9 0 0 376 197 498 0 325 133 0 0 
Phillyrea angustifolia  0 0 0 0 0 27 0 0 0 0 0 
Phlomis floccosa 23 6 143 84 0 214 0 0 0 0 0 
Pistacia lentiscus  0 0 0 0 0 0 0 0 0 0 0 
Pituranthos tortuosus  0 0 85 0 0 0 0 0 0 0 684 
Retama raetam 0 0 0 0 0 0 0 0 436 345 0 
Rhamnus oleoides  85 2 89 213 0 42 0 0 0 0 0 
Sarcopoterium spinosum 0 0 0 0 0 0 0 0 0 0 486 
Satureja thymbra  4 21 0 0 0 0 0 0 0 0 0 
Suaeda pruinosa 23 65 0 90 0 0 0 0 0 0 0 
Tamarix passerinoides  0 0 0 0 0 0 0 0 167 0 0 
Thapsia garganica  0 0 0 0 0 9 0 0 0 0 0 
Thymus capitatus  0 0 0 0 0 29 0 0 0 0 0 
Viburnum tinus  0 0 0 0 0 0 0 0 0 0 0 
Zizyphus lotus 0 0 0 0 0 0 0 0 422 178 0 
 
 
 
